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As on today, the conversion of carbon dioxide (CO) into value added chemicals including methanol using 
exclusively solar energy (i.e., artificial photosynthesis) has been considered as one of the top most 
research priorities all over the world as this process can indeed deal with (i) the mitigation of CO2 
associated global warming problem, (ii) creation of highly sustainable and renewable energy resources, 
and (iii) development of one of the best processes to store the energy in a most convenient form of liquid 
fuels with sufficiently high energy density in comparison to all the existing methods of energy storage. 


Keywords: , As the CO, sequestration process is expensive, there has been a quest for finding other alternative 
on ae options. The CO, can be converted into several value added chemicals including methanol following 
ethano. 


stoichiometric reactions, thermochemical, electrochemical, photoelectrochemical, photocatalytic, etc., 
routes. Methanol synthesized from CO, can be employed directly in place of fossil fuels without 
disturbing the present existing energy distribution infrastructure. Further, if Hə required for CO3 
reduction is produced from water using exclusively solar energy, and methanol is produced with 
minimum overpotentials with the help of suitable catalytic systems, this process can be employed to 
address the above-mentioned three major problems. The process for converting CO2 into methanol can 
be developed by careful analysis and understanding of the information available on this process reported 
so far in the literature. Since, none of the existing review articles deals exclusively with this important 
process of converting CO into methanol, in this review article, all the information including fundamental 
challenges and opportunities that are associated with the conversion of COz into methanol following 
various routes has been summarized, discussed and meticulously presented by citing all the up to date 
relevant references. 
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1. Introduction 


Recently, conversion of carbon dioxide into value added che- 
micals using solar energy (popularly known as artificial photo- 
synthesis) has received a great deal of attention from the scientific 
community as it can indeed deal with the global warming [1-15], 
energy crisis (i.e., the depletion of fossil fuels) [16-29] and energy 
storage [30] problems. Recently, the Intergovernmental Panel on 
Climate Change (IPCC) has concluded that the fossil fuel burning 
and deforestation are responsible for increasing CO2 concentra- 
tions in the atmosphere [31]. The atmospheric anthropogenic CO2 
concentrations have risen by 30% from pre-industrial (prior to 
1750) levels of 280 ppm to 400 ppm today. The present CO» levels 
in atmosphere is higher than at any time during the last 6,50,000 
years for which the reliable data was extracted from ice cores [3,4]. 
In fact, the CO, associated greenhouse effect was first noted by 
Joseph Fourier in 1824 and was further substantiated quantita- 
tively later on by Svante Arrhenius in 1896 [32]. The greenhouse 
gases warm the planet's atmosphere and surface by absorption 
and reemission of the infrared radiation of sunlight. The civiliza- 
tion and industrialization have not only brought technology, 
modern life, and convenience to the human society but also 
pollution and emissions from factories, vehicles, and chemical 
plants [33]. Several national governments have signed and ratified 
the Kyoto Protocol of the United Nations Framework Convention 
on Climate Change aiming at reducing CO, gas emissions [2,31]. 
Recently, the International Energy Agency (IEA)-World Energy 
Outlook (WEO) revealed that, based on policies being practiced 
at the moment, by 2030 CO2 emissions will attain 63% from 
today's level, which is almost 90% higher than those of 1990 [3]. 
Hence, to avoid further increases over the next few decades, 
improved actions than those of present should be taken, which 
include the development and employment of technology options 
to cut COz emissions. One such option is to capture the CO2 gas 
generated at major outlets such as thermal power plants and 
cement industry, where each tonne of coal is burned to generate 
about 4 t of CO2, and then prevent it from entering into atmo- 
sphere by suitably storing it in safe places and/or by converting it 
into value added chemicals and fuels [3]. At present, the readily 
available technology to tackle CO, associated global warming 
problem is the CCS process (i.e., the carbon dioxide capturing 
and storing in safe places such as, depleted coal seams, under deep 
sea levels, etc.) [3,31]. The CCR process (i.e., the carbon dioxide 


into the atmosphere. At the moment all over the world, an increasing 
research and development (R&D) efforts are being made to develop 
effective methods for reusing of the captured CO, [34-43]. Many 
industrial methods have been already developed to have an encoura- 
ging influence on atmospheric CO, so that it need not have to be 
buried as a part of CCS process. Bulk chemicals at present being 
produced from the captured CO are urea, salicylic acid, and 
polycarbonate-based plastics. COz is also a solvent, for example, 
supercritical CO (the state exists at 31°C and 72.8 atm.) tender 
several advantages in terms of stereochemical control, product 
purification, and environmental issues for synthesizing certain fine 
chemicals and pharmaceutical compounds. Other opportunities for 
using CO, include enhanced oil and gas recovery, enhanced agricul- 
tural production, and ponds of genetically modified algae so that 
biodiesel can be produced from CO, captured at power-plants 
[43,44]. All these methods can reduce CO2 emissions by at least 
3.7 gigatons/year (Gt/y) (approximately 10% of total present annual 
CO, emissions), which in fact, can reduce the use of fossil fuels. 
Further reductions in CO2 emissions are possible if these technologies 
are expanded far widely. Since, total anthropogenic CO, emission is 
~25 Gt/y, the capturing and disposal of CO2 appears to be a major 
readily available solution at the moment to mitigate CO, related 
global warming problem on urgent basis. 

On the other hand, today, the majority of the world's primary 
energy requirement is met from fossil fuels [16-26,30,32,45-47]. 
Power plants use fossil fuels (coal, oil or natural gas) to produce 
electricity. As per today's consumption rate, the available coal 
reserves will last for another 130 years, natural gas for 60 years, 
and oil for 42 years [48]. As shown in Fig. 1, Hubbert's curve shows 
that in next 40 years the recoverable oil becomes significantly low 
and suggests finding an alternative energy economy in the 20-year 
timeframe from now [48]. While the Hubbert's curve is hotly 
debated, what is clear is that oil has a host of useful industrial 
applications, and if it is irreversibly burned, it will jeopardize the 
future. The vertical scale in Fig. 1 is in an arbitrary relative units, 
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Fig. 1. The classic Hubbert curve [48]. 
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but to get an idea of scale, world production averaged at about 
80 million barrels per day in 2008 [48]. Furthermore, it is also 
important to realize the reliable alternative energy resources, before 
the oil resources are completely exhausted. Oil is the starting 
material for lubricants, dyes, plastics, and synthetic rubber, whereas, 
the natural gas supplies hydrogen for synthesizing ammonia, glass, 
and plastics. Similarly, coal produces creosote oil, benzene, toluene, 
ammonium nitrate, soap, aspirin, and several organic solvents. Thus, 
we cannot afford to use such an important and limited oil, natural 
gas and coal resources only to meet just the energy needs instead of 
several other important products of the future. Furthermore, these 
resources are not only for just few decades and but for the continued 
industrial applications of next several centuries | 16-26,30,32,45-47]. 
In addition to these, the current fossil fuel consumption rate and 
their particular geographic distribution, and the political control 
over them pose problems for the nations which are fully depended 
on fossil fuels. The rapidly growing population and industrialization 
also further demanding the increased energy requirement. 

Out of today's total energy consumption, about 43% is provided 
by oil and the derived liquid fuels which include gasoline, diesel, jet 
fuels, gasoil, etc. [49]. Only about 17% energy requirement is met by 
the electricity. It is hard to depend only on electricity as the actual 
energy density of electricity storing batteries is too low for many of 
the energy-intensive applications as their capacity for storing 
energy per kilogram of weight or for the unit volume is only about 
1% in comparison to gasoline's energy density (Fig. 2). Fig. 2 also 
shows energy densities for various fuels including fossil and renew- 
able sources (such as, ethanol and DMF), H2 (liquid, gas, compressed 
at 700 bar, and stored in advanced nano-materials) and electrical 
energy (Li ion batteries, conventional and advanced) [30]. In this 
figure, NG stands for natural gas; DMF for dimethyl furan, and LPG 
for liquefied petroleum gas. Even if there is a break-through in the 
research of energy storing in batteries, the batteries energy storage 
do not meet many of the existing applications as these batteries are 
associated with certain limitations with respect to their cost, life- 
time, recharging time, etc. [24,30]. It has also been estimated that 
even if all the vehicles run with electricity in the future, the demand 
for electricity would increase by only < 1% extra [25]. Besides this, 
at the moment, batteries cannot be used to run certain heavy 
vehicles such as, planes, buses, trucks, etc., as they need an on- 
board energy feeding. Furthermore, liquid fuels possess about 100 
times higher energy density (~50 MJ kg~') in comparison to many 
of the available energy storage methods (Fig. 2). Thus it is important 
to develop the carbon-neutral, sustainable and easy to scale-up fuel 
storage methods as alternatives to the fossil fuels [50]. 
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Fig. 2. Energy density per weight vs. per volume for a series of liquid and gaseous 
fuels [30]. 


The important resources of renewable energy are biomass, 
solar, wind, tides and hydro-based systems. Except, biomass all 
others produce electricity. The production of liquid fuels from 
biomass has been identified to be quite laborious, and probably 
much more research is still needed to find out a more economic 
and easier way to use biomass [51-53]. Furthermore, both nuclear 
and biomass (non-fossil energy alternatives) cannot supply the 
today's energy demand that is met from fossil fuels. In addition to 
these, other than liquid fuels, even if any other fuel is identified or 
developed from renewable energy resources like sunlight, that will 
disturb the presently existing energy supply (distribution) infra- 
structure leading to substantial consequences to the global econ- 
omy. In the recent past, it was thought that H2 could replace the 
fossil fuels, but it could not done so [30,32,45-47]. At this moment, 
the main source of the most of commercial H; is still fossil fuels, 
and for generating a unit of heat from H2, more CO; is produced 
than directly burning those fossil fuels. At present, there is no 
method to produce H2 from non-fossil fuel sources such as, water 
using highly cost-effective and renewable or nuclear energy 
sources. Furthermore, as on today, the self-sufficiency in energy 
is each and every country's objective. In fact, most of the following 
strategies for achieving this goal are either environmentally 
unacceptable or are not feasible except those depend on fossil 
fuel based resources such as, natural gas [30,32,45-47]. As the 
conventional nuclear power plants need uranium, which is limited 
and has always associated with the problems of radiation leakage 
due to natural calamities, etc., the solar energy is considered to be 
the only abundant, non-polluting (hence no damage to ecology), 
inexhaustible, carbon-free, omnipresent, and inexpensive non- 
fossil fuel based renewable energy resource. It is estimated that 
in a fortnight, the surface of the earth receives the energy that is 
equal to the total energy that is present in the entire world's fossil 
fuel resources (10'° kW). The mean solar irradiance at normal 
incidence outside the atmosphere is 1360 W/m? and the total 
annual incidence of solar energy in India alone is about 10” kW 
and for the southern region, the daily average is about 0.4 kW/m? 
[45]. In every hour, the earth receives solar energy that is 
equivalent to the entire world population's energy requirement 
in a year [30,32,45-47]. 

In year 2004, the world's energy requirement was 18 TW and it 
is expected to reach about 28 TW in the year 2030. The Depart- 
ment of Energy (DoE), USA, predicted that if the solar irradiance of 
1% of the Earth's surface is converted into storable energy with 10% 
efficiency, it would provide a resource base of 105 TW that is equal 
to the several times of the estimated world energy requirement in 
the year 2050 [30]. Whereas, the amount of energy that could be 
extracted in the same year 2050 from wind, tides, biomass, and 
geothermal would be 2-4 TW, 2-3 TW, 5-7 TW, and 3-6TW, 
respectively, [23]. In addition to this, the energy is required 
continuously day and night. Even though, solar energy is enough; 
it is not available in the nights and on the cloudy days. Hence, to 
supply solar energy continuously to the society, a proper method 
is required to store it in a proper way [49]. However, the most of 
the solar energy storage methods developed so far possess very 
low energy densities. The energy density by mass of compressed 
air (300 atm.), batteries, flywheels, supercapacitors, H2O pumped 
100 m uphill are estimated to be ~0.5 MJ kg~', ~0.1-0.5 MJ kg~', 
~0.5 MJ kg~!, ~0.01 MJ kg~!, and ~0.001 MJ kg~', respectively. 
Although several technologies including photovoltaic (PV) cells, 
Peltier (Seebeck) modules, Fresnel lenses, concentrated solar 
radiation, solar thermal energy, dye-sensitized solar cells (DSSCs), 
etc., have already been developed for converting solar light into 
electricity, there is a discontinuity between solar irradiation and 
power consumption during the year, and in terms of geographical 
distribution. The same is true even for wind and tide based energy 
resources. Therefore, it is required to realize a suitable method to 
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store and transport the solar energy in a suitable manner [54-56]. 
As on today, solar energy can be stored in the form of hydrogen by 
splitting water into hydrogen and oxygen using electricity that is 
produced from solar energy (2H20+energy (A, electricity or 
hv) 2H2+4+ 03; Eq. (1)) [57,58]. An advantage is that Hz could be 
produced under pressure in certain modern electrolyzers, while 
other existing methods such as, bio-route using cyanobacteria or 
green algae [59,60], high temperature thermochemical route that 
uses concentrated solar energy [61-63], and photoelectrochemical 
H20 splitting or photoelectrolysis [64-67], etc., produce H> at 
atmospheric pressure, which needs to be compressed eventually 
before using it in any of its applications. Recently, the advantages 
and disadvantages associated with various hydrogen production 
routes have been reviewed in many articles [30,37,54,68-76]. 
Among various methods developed so far for producing hydrogen 
from water, the PV have been identified to be the best one [30,56]. 
Furthermore, the energy density of H2 gas is not suitable for most 
of the applications considering today's hydrogen storage technol- 
ogy [69-77]. In fact, almost all practical applications require high 
energy density per weight as well as per volume. In the case of 
light weight H2 gas, energy density per volume is the main 
criterion. It can also be clearly seen from Fig. 2 that the energy 
densities of Hz and electrical storage are far low in compared to 
those of liquid fuels based on fossil or renewable (biomass) 
sources [30]. Furthermore, Hə gas usage also requires large 
expenditure for creating a new energy distribution infrastructure 
as it cannot be directly employed in the existing energy infra- 
structure such as, automobiles, thus not allowing a smooth 
transition from fossil fuel based dependency to renewable or 
non-fossil fuel or solar based energy dependency. Thus, it 
demands the production of liquid fuels with high energy density 
(even if they are carbon-based) using electrical energy, because 
these liquid fuels can be directly employed in place of fossil fuels 
used today, and can even be preserved for the future applications 
usage too [74,78]. 

The challenges for converting CO, into value added chemicals 
including methanol are great, but the potential rewards are also 
enormous. The conversion of CO into methanol using energy that 
is not produced from fossil fuels has been suggested to be one of 
the best ways of storing energy and solving both global warming 
and energy crisis problems to a great extent. The additional 
advantages in producing methanol from CO% include (i) high 
energy density by volume and by weight; (ii) no need of high 
pressures to store at room temperature like Hz need, (iii) relatively 
low toxic and safe to handle fuel, and shows limited risks in its 
distribution (non-technical); (iv) no need to modify the internal 
combustion engines of the vehicles to use methanol; and (v) no 
impact on the environment during production and usage as 
methanol being a primary feedstock for many of the organic 
compounds, and a vital intermediate for several bulk chemicals 
used in day-to-day life products such as silicone, paint, and 
plastics. Furthermore, methanol is a green fuel and has almost 
half of the energy density in comparison to the mostly used fuel, 
gasoline (methanol: 15.6 MJ/L; gasoline: 34.2 MJ/L) [79]. Further- 
more, methanol can also be employed directly in the fuel cells. 

At present, most of the commercial methanol is produced from 
synthetic gas (also called as syngas, which is a mixture of CO and 
H2) on a quite large scale industrial plants in several millions tons 
per year capacity [79]. Besides this, the processes like, selective 
oxidation of methane, catalytic gas phase oxidation of methane, 
liquid phase oxidation of methane, mono-halogenation of 
methane, microbial and photochemical conversion of methane, 
etc., are also being employed to produce methanol. Nevertheless, 
production of methanol from CO; using solar energy to drive the 
reaction is highly attractive as it saves the natural fossil fuel 
resources. Nature does this job by converting CO2 into bioenergy 


via natural photosynthesis using exclusively solar energy. In this 
process, somewhat less than 1% of the solar energy is converted 
into bioenergy in the form of plant materials, which when 
accumulated and transformed over geologic ages yielded fossil 
fuels. Thus, artificial photosynthesis has a tremendous potential 
and it is a scientific challenge, and upon successful development of 
it, the market is expected to be gigantic. Owing to its extremely 
stable chemical nature, converting CO, back to a useful chemical in 
an endothermic reaction, on the same scale and with the same 
rate it is currently being produced is out of today's scientific and 
technological ability [74,78]. However, a close study of the existing 
information on this subject hints that the successful development 
of artificial photosynthesis is no longer an unrealistic dream. 
Furthermore, this process could be developed quite efficiently in 
comparison to the natural photosynthesis. There are already 
certain endothermic reactions, which are being performed by 
thermochemical routes to produce syngas, H2, and methanol over 
certain metal oxide catalysts using concentrated solar radiation 
energy [51-72]. 

Considerable research efforts have already been made to 
convert CO2 into several industrially important chemicals and 
chemical intermediates following a great variety of methods using 
different forms of energy. These efforts can, in fact, be seen from a 
large body of literature summarized in several review articles as 
listed in Table 1 [30,41,44,56,80-101]. Nevertheless, none of these 
review articles exclusively deals with the literature on converting 
CO into methanol. To fill this gap, the complete literature reported 
so far on conversion of COz into methanol following stoichio- 
metric, thermochemical, electrochemical, photoelectrochemical, 
and photocatalytic reactions performed over both inorganic as 
well as organic molecular (homogeneous and heterogeneous) 
catalytic systems is summarized, discussed and presented in this 
review article along with the several fundamental aspects of CO2 
reduction reactions and the opportunities associated with these 
reactions with a main perspective of designing a simple, efficient 
and reliable method for continuous reduction of CO, into metha- 
nol using solar or any other renewable energy resource. 


2. Potential advantages of converting CO- into methanol 


As direct H2 storage, transportation and utilization have been 
associated with several issues, it was suggested to store H3 in the 
form of certain liquids such as ammonia as it selectively releases 
back Hə gas over certain catalysts surfaces [30,78,102]. Ammonia 
can also be synthesized following conventional Haber-Bosch 
process using Hə that is formed in water hydrolysis using elec- 
tricity produced from sunlight (using PV modules, etc.). However, 
direct synthesis of ammonia from hydrogen and nitrogen gases 
using solar energy is yet to be mastered. Of course, this process has 
been very well developed by the nature [30,78,102]. Nevertheless, 
ammonia is toxic and smells badly, and it is also a potent green- 
house gas and causes severe constraints if it is leaked into the 
atmosphere. Furthermore, there are certain risks related to BLEVE 
(Boiling Liquid Expanding Vapor Explosion) and UVCE (Uncon- 
fined Vapor Cloud Explosion). The current liquid fuels such as 
gasoline, and diesel, fulfill all these requirements for suitable 
energy storage, except emission of greenhouse gases. If the 
captured CO: is effectively reused to produce liquid fuels such as 
methanol using renewable solar energy, it is not even required to 
search for any other new energy vectors, and to develop any other 
energy storing methods and materials [30,78,102]. Furthermore, 
producing solar fuels using the captured CO, does not produce any 
additional CO2 into the atmosphere. The methanol economy and 
uses of methanol conversion from CO, has been largely discussed by 
Nobel Laureate Olah et al. [79,103-105], while an economy based on 
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Table 1 
A list of review articles published on CO, utilization and other aspects. 
First author Article title Published Reference 
year 
J.-P. Collin Electrochemical reduction of carbon dioxide mediated by molecular catalysts 1989 91 
I. Taniguchi Electrochemical and photoelectrochemical reduction of carbon dioxide 1989 78 
K.W. Frese Electrochemical and electrocatalytic reactions of carbon dioxide 1993 79 
M. Jitaru Electrochemical reduction of carbon dioxide on flat metallic cathodes 1997 90 
H. Arakawa Catalysis research of relevance to carbon management: progress, challenges, 2001 42 
and opportunities 
Y. Hori CO, reduction catalyzed by metal electrodes 2003 80 
D.C. Webster Cyclic carbonate functional polymers and their applications 2003 88 
D. Chaturvedi Versatile use of carbon dioxide in the synthesis of carbamates 2006 94 
I. Omae Aspects of carbon dioxide utilization 2006 97] 
C. Song Global challenges and strategies for control, conversion and utilization of COz 2006 82 
for sustainable development involving energy, catalysis, adsorption and 
chemical processing 
M. Gattrell A review of the aqueous electrochemical reduction of CO, to hydrocarbons at 2006 83 
copper 
T. Sakakura Transformation of carbon dioxide 2007 39 
T. Seki Catalytic oxidations in dense carbon dioxide 2009 85 
G.A. Olah Chemical recycling of carbon dioxide to methanol and dimethyl ether: from 2009 81 
greenhouse gas to renewable, environmentally carbon neutral fuels and 
synthetic hydrocarbons 
Z. Jiang Turning carbon dioxide into fuel 2010 84 
W. Li Electrocatalytic reduction of CO2 to small organic molecule fuels on metal 2010 86 
catalysts 
D.J. Darensbourg Chemistry of carbon dioxide relevant to its utilization: a personal perspective 2010 89 
B. A. Rosen Low temperature electrocatalytic reduction of CO» utilizing room temperature 2010 92 
ionic liquids 
S. C. Roy Toward solar fuels: photocatalytic conversion of carbon dioxide to 2010 54 
hydrocarbons 
M. North Synthesis of cyclic carbonates from epoxides and CO2 2010 98 
G. Centi CO2-based energy vectors for the storage of solar energy 2011 28 
M.T.H. Le Electrochemical reduction of CO, to methanol 2011 93 
I. Ganesh Conversion of carbon dioxide to methanol using solar energy - a brief review 2011 95 
W. Wang Recent advances in catalytic hydrogenation of carbon dioxide 2011 96 
Y. Oh Organic molecules as mediators and catalysts for photocatalytic and 2013 87 
electrocatalytic CO2 reduction 
I. Ganesh Conversion of carbon dioxide into several potential chemical commodities 2013 101] 


following different pathways - a review 


formic acid (FA) has been proposed by Ferenc [106] and earlier by 
Leitner | 107]. However, the formation of renewable H; is the key step 
in the conversion of CO2 into methanol and there are already certain 
established technologies for producing Hz from water (a carbon- 
neutral resource) using electricity. Based on several factors as 
discussed in several published review articles, mainly in [30], the 
PV/electrolyzer approach shows unmatched potential for the CO, 
catalytic hydrogenation route. However, the biochemical, thermo- 
chemical and photoelectrochemical splitting of water into hydrogen 
would show better results if these processes are directly integrated 
with the CO, reduction reaction in comparison to the PV/electrolyzer 
based process, where Hz needs to be produced separately and then 
used for reducing CO in a separate process [30]. 


3. Conversion of CO, into methanol following stoichiometric 
reactions 


Table 2 lists the stoichiometric reaction conditions in which CO, 
was reduced into methanol [108,110,112,128,131]. It is a known fact 
that the stoichiometric reactions do not need any external thermo- 
dynamic energy inputs to proceed as they are not non-spontaneous 
reactions, and use only chemicals potentials to drive the reaction. 
Ammonia borane (AB), which provides hydride ions, was successfully 
employed as a reducing agent to convert CO, into methanol in the 
presence of Al-based frustrated Lewis pairs (FLP) as catalysts | 108,109]. 
The _ tris(2,4,6-trimethylphenyl)phosphine (PMes3) (Mes=2,4,6- 
CgH2Me3) reversibly captures CO, with the help of AIX; (X=Cl or 
Br) to perform stoichiometric conversion of CO, into methanol. The 


FLP characteristics could be created by combining a Lewis acid with a 
base [110]. When an acid to base ratio was maintained as 2:1, the best 
results were noted. This stoichiometric CO2 conversion into methanol 
was found to be fast when an excess AB was employed under ambient 
conditions while quenching with water (Scheme 1) [109]. An average 
yield of 37-51% was noted in this process. Alternatively, the tetra- 
methylpiperidine/B(C.F;)3 was also employed as FLP and noted a 
methanol yield of 24% in this stoichiometric reaction after 6 days at 
160 °C [111]. Furthermore, the zirconium-—borane complexes were also 
employed as catalysts for homogeneous reduction of CO, with 
hydrosilanes to produce methane [112]. However, these latter catalysts 
are sensitive to air and moisture, and also suffer from relatively lower 
catalytic activity. 

In another stoichiometric reaction, the CO, was reduced into 
methanol using silanes as a source of hydrides and N-heterocyclic 
carbines (NHCs) as catalysts under very mild reaction conditions 
[113]. A considerably high methanol yield with > 90% selectivity is 
noted in this latter reaction. This process shows promising for an 
efficient chemical activation and fixation of CO. In contrast to 
transition metal complexes, NHCs exhibit superior efficiency 
under mild and less stringent reaction conditions [104,114-120]. 
In fact, usage of NHCs as organocatalysts and ligands in organic 
synthesis is a well-known practice [104,114-120]. Due to the 
presence of a lone pair of electrons on carbene, NHCs behave as 
strong nucleophiles. Imidazolium carboxylates have been pro- 
duced from CO, using NHCs as nucleophiles [121-123]. The release 
of CO- from the imidazolium carboxylates and the completion of a 
catalytic cycle with NHCs are considered to be an important 
metal-free pathway for CO; reduction into value added chemicals 
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Table 2 
Conversion of CO2 into methanol in stoichiometric reactions. 


Catalyst Source of protons and 


electrons (or hydrides) 


Ammonia borane 
Ammonia borane 


Al-based frustrated Lewis pairs+PMes3 
Tetramethylpiperidine/B(C¢Fs)3 


N-heterocyclic carbine (NHC) Silane 

Formate dehydrogenase, formaldehyde NADH 
dehydrogenase, and alcohol dehydrogenase 

Phosphine-borane organocatalyst Hydroboranes 


PMes3, tris(2,4,6-trimethylphenyl)phosphine; NADH, 


MeS;P(ALX;) 
X=ClLBr ge ef 
a 
ee o 1. NH;BH, 
CO; K ——— CHOH 
& 2. H,0 > 

on : 

PM6eS; + AIX 


Scheme 1. CO2 reduction into methanol in a stoichiometric reaction with the help 
of tris(2,4,6-trimethylphenyl)phosphine (PMes3) (Mes=2,4,6-CgH2Me3) and AIX3 
(X=Cl or Br) [109]. 


CO, +3R SiH ECs RsSIOCH, + R5SiOSIR; 


ie 


R;SiOH + CH,0H 


Scheme 2. Overall stoichiometric reaction of COz reduction with silanes over NHC 
catalyst [109]. 


[113]. The spectroscopic analysis of sequence of reactions occurred 
in the formation of methanol from the reactions of CO with 
silanes under the reaction conditions employed suggest that the 
reaction mechanism would precede as shown in Schemes 2-4 
[109,113]. In this reaction, initially, the nucleophilic carbene 
activates CO, to form an imidazolium carboxylate, which subse- 
quently reacts with silanes. The Si-H bond of silane has been 
found to be activated by a free carbine [109]. The carboxyl moiety 
of imidazolium carboxylate will then attack the electropositive 
silane center and promote hydride transfer to form formoxysilanes 
(2) and (3). Formoxysilane (3) then reacts with other free hydro- 
silanes in the presence of an NHC catalyst to produce intermedi- 
ates (4)-(6) and the final methoxide products Ph2Si-(OMe)s 
(7) and (Ph2(MeO)SiO-),, (8). This catalytic cycle continues as long 
as the supply of hydrosilane as a hydride donor is available. Unlike 
transition-metal catalysts, which normally require almost a week 
time to provide the final reduction products, the NHCs are fast and 
highly efficient catalysts to convert CO into methanol [109]. The 
rate of reaction in this process was found to be limited only by the 
amount of silane introduced to the reaction mixture. 

The simultaneous protic and hydridic hydrogen transfer mechanism 
has also been utilized for effective reduction of CO, into methanol using 
ammonia-borane as a reducing agent [124]. In this latter reaction no 
high-energy single-electron-reduced intermediate product is formed as 
the highest occupied molecular orbital (HOMO) of CO, is pre-occupied 
with protons, while, the lowest unoccupied molecular orbital (LUMO) is 
concurrently reduced by a hydride ion. During two hydrogen transfer 
mechanism, it is believed that the formation of a six-membered-ring 
transition state takes place. It is also believed that in this process, three 
two-hydrogen transfer steps take place sequentially. The CO dehydro- 
genase (for example, in carboxydothermus hydrogenoformans bacteria) 
is a well-known biological system that utilizes simultaneous acid—base 
coordination to reduce CO; in the nature [124]. In this enzyme catalyzed 
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Reaction temp. (°C) Reaction time (h) Methanol yield (%) References 
RT 15 min 37-51 [109] 
160 6 days 24 [t11] 
RT 24 90 [113] 
RT 3 91.2 [129] 
70 4 95 [108] 


nicotinamide adenine dinucleotide (NAD)+hydrogen (H). 


reaction, nickel serves as a Lewis base, while iron serves as a Lewis acid, 
which stabilizes and promotes a two-electron transfer to CO, [125,126]. 
The key to the efficiency of this process is the simultaneous utilization of 
amphoteric nature (i.e, both acid and base functionalities) of CO, that 
avoids formation of high-energy intermediates and performs economical 
kinetics [125,126]. As per this nature's reaction, a crucial step in efficient 
reduction of CO, could be the exploitation of the amphoteric reactivity of 
CO, via simultaneous acid-base reactions. Ammonia—borane (AB) is also 
a simultaneous two-hydrogen-transfer reagent to convert CO, to formic 
acid [124]. Although this process utilizes a sacrificial reagent, the two- 
hydrogen-transfer mechanism exemplifies how high product selectivity 
might be achieved by analogous mechanisms that avoid formation of 
single-electron- or single hydrogen-transfer reduction steps [127,128]. 
Furthermore, although AB is isoelectronic to ethane, the B-N bond of 
former molecule actually consists of a nitrogen lone pair donating into an 
empty boron p-orbital, resulting in a relatively weak dipolar (or dative) 
bond. The electronegativity difference between nitrogen and boron is 
responsible for acidic hydrogens bound to nitrogen and hydridic 
hydrogens bound to boron. Similar to CO», any other molecule that 
possesses both a highest occupied molecular orbital (HOMO) able to 
accept H®+ (protic) and a lowest unoccupied molecular orbital 
(LUMO) capable of accepting H (hydridic) can be reduced in this 
process [127,128]. The first step in the reduction of CO; is believed to 
be the formation of formic acid by the transfer of two hydrogens 
from ammonia-borane to CO. In tetrahydrofuran (THF) solvent, this 
reaction involves a free-energy barrier of about 24.2 kcal/mol for the 
formation of ammonia—borane-CO>2 adducts, thus making the reac- 
tion feasible under mild reaction conditions. The further two hydro- 
gen transfer to formic acid produces methanediol [CH2(OH)s], and a 
third two-hydrogen transfer leads to the formation of methanol 
(Scheme 5 and Fig. 3) [124]. In Fig. 3, the lower barrier for 
decomposition of AB by HCOOH means the reduction of CO, will 
not rapidly continue to CH2(OH), or methanol. Exothermic oligomer- 
ization of AB (NH2BH2) entails that steps producing NH2BH2 are 
irreversible. However, the second step is not so fast because the 
relatively superficial acid-catalyzed decomposition of ammonia- 
borane takes place into NH2BH2 and Hə [124]. Furthermore, as per 
Scheme 5, the substitution of AB for a reagent not sensitive to the 
decomposition reaction would favor the formation of more reduced 
products such as CH2(OH)2z or CH30H. 

The CO was also sequentially reduced into methanol using 
different dehydrogenase enzyme catalysts and nicotinamide adenine 
dinucleotide (NADH) as a terminal electron and proton donor [129]. 
This process involved an initial reduction of CO2 to formate catalyzed 
by formate dehydrogenase (F3teDH), followed by reduction of formate 
to formaldehyde by formaldehyde dehydrogenase (FajqDH), and 
finally formaldehyde is reduced to methanol by alcohol dehydrogen- 
ase (ADH). This process utilizes NADH as a terminal electron donor 
for each dehydrogenase-catalyzed reduction as shown in Scheme 6 
[129]. The use of the dehydrogenases to catalyze the reverse 
reactions in the presence of an excess of NADH is a well-studied 
system [130]. In this latter reaction, utilizing silica sol-gel matrix was 
found to be very useful. It was found that when enzymes were 
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Scheme 4. Proposed catalytic cyclic and reaction pathway in CO, reduction with 
silanes over NHC catalyst. R1 = mesityl, R=Ph [109]. 


NH;BH; NH)BH; NH;BH; NH)BH; 
Co HCOOH — ove H,C(OH), 
NH;BH; 
NH,BH, + Hy 


Scheme 5. Proposed mechanism of CO2 reduction by simultaneous two-hydrogen 
transfer and subsequent AB decomposition by HCOOH-catalyzed dehydrogenation 
[124]. 


encapsulated in the porous silica sol-gel matrix, the methanol 
formation was found to be increased substantially as compared to 
the one observed in the solution medium. Fig. 4 shows the results of 
methanol formation in solution as well as in the sol-gel systems 
[129]. As NADH assists as a limiting reagent in the overall reaction, it 
provides a relative measure of the efficiency of the reaction and the 
yield of the methanol production. It can be seen that 3 mol of NADH 


> 

g HCOOH + 

3 NH,BH, HOCH,OH + 

NH,BH, 
£ 
w 
a04 HCOOH- CH,(OH),-NH, CH,OH+ 
AB adduct adduct NH,BH, 


Fig. 3. Potential energy surface (AG?** ¥) for the reduction of CO, to methanol by 
ammonia-borane (AB), including catalytic decomposition of AB by HCOOH [124]. 


NADH NAD* NADH NAD* NADH NAD* 


CO, E HCOOH aed > HCHO \ > CH,OH 
ADH 


Fate DH ForaDH 


Scheme 6. Reduction of CO, to methanol with the help of nicotinamide adenine 
dinucleotide (NADPH) in the presence of various enzyme catalysts [129]. 


are consumed per mole of methanol formation (Scheme 6) [129]. 
Table 3 compares the relative yields of methanol formed per mole of 
NADH added [129]. As can be seen from this table, the overall yield of 
the reaction in solution medium is quite low, whereas it is substan- 
tially high in the sol-gel matrix. 

The CO2 was also reduced into methanol stoichiometrically 
following a biochemical approach in which formate dehydrogen- 
ase, formaldehyde dehydrogenase, and alcohol dehydrogenase 
were employed as catalysts [131]. These dehydrogenase catalysts 
were encapsulated in an alginate-silica hybrid gel that has been 
prepared through in situ growth of the silica precursor within the 
alginate solution. In this alginate solution, the Ca?* cross-linking 
occurs during synthesis of the hybrid gel. The methanol yields 
noted are 98.8%, 71.3% and 98.1%, respectively, when the processes 
involved (i) no dehydrogenases, (ii) dehydrogenases immobilized 
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Fig. 4. Plot of methanol formation as a function of terminal electron donor (NADH) 
present in solution medium and silica sol-gel matrix [129]. 


Table 3 
Relative comparison of CH30H formation in solution medium and silica sol-gel 
medium [129]. 


NAD Solution Sol-gel 
(umol) 
MeOH MeOH/ % MeOH MeOH/ % 
(pmol) NADH Yield* (pmol) NADH Yield? 
50 1340.7 0.02 7.8 15.2+0.4 0.30 91.2 
100 7.0+0.9 0.07 21.0 26.6+06 0.26 79.8 
150 10.2+0.6 0.07 20.4 28.5+0.7 0.19 57.0 
200 11.2+09 0.05 16.8 29.2+0.6 0.15 43.8 


* % yield=[moles of MeOH/{0.33 (moles of NADH)}8] x 100. 


in pure alginate, and (iii) dehydrogenases immobilized in alginate- 
silica matrix [131]. This latter alginate-silica catalyst showed a 
methanol yield of 76.2% even after stored for 60 days. 

A highly active phosphine-borane organo-catalyst has also been 
employed for the reduction of CO2 into methanol using hydroboranes as 
a source of hydrides in a stoichiometric reaction | 108]. In this reaction, a 
catecholborane derivative 1-Bcat-2-PPhz-CgH, was employed as a 
catalyst that acts as an ambiphilic metal-free system for the reduction 
of CO; in the presence of hydroboranes (HBR2= HBcat(catecholborane), 
HBpin (pinacolborane), 9-BBN (9-borabicyclo[3.3.1] nonane), BH3.SMe2 
and BH3-THF) to generate CH3OBR, or (CH30BO)3 [108]. These latter 
compounds undergo hydrolysis readily to yield methanol. The noted 
product yields were as high as 99% with exclusive formation of 
CH3OBR2 or (CH30BO)3 while the associated turnover number (TON) 
and turnover frequencies (TOF) reaching > 2950 and 853 h~!, respec- 
tively. Furthermore, this catalyst exhibited a living behavior, i.e., once the 
first reaction cycle is completed, it resumes its activity again for 
additional reaction cycles immediately after loading the reagents into 
the reactor having catalyst [108]. 


4. Fundamental challenges in the reduction of CO2 into 
methanol 


Since, CO; is a linear molecule with two double bonds between 
the carbon and oxygen atoms (O=C=O), it is very stable and 
needs extra efforts to make it reactive. Eq. (2) shows the energy 
requirements needed for converting CO into methanol upon 
reaction with water 


CO2(g)+ 2H20,1) > CH30Hq)+ 3/2 Ox); H°=-727 kJ mol`! 
& G°=-703 kJ mol”! (2) 


Owing to its high stability (AG° = — 400 kJ mol~'), a substantial 
energy input, optimized reaction conditions, and catalysts with 


high stability and activity are required for converting CO 2 into 
value added chemicals [86,132-134]. Converting one mole of CO, 
to methanol requires an energy input of about 228 kJ, and six 
electrons to reduce C** of CO» to C?~ of methanol. According to 
Gibbs—Helmholtz relationship (AG° = AH° — TAS’), chemical reac- 
tions (conversions) are driven by mainly differences in the Gibbs 
free energy between the reactants and products of a chemical 
reaction (under certain conditions). Prior to any attempt to use 
CO; as a ‘chemical feedstock’ it is required to consider the relative 
stability of the ultimate reaction products in comparison to the 
reactants. Both terms (AH° and TAS?) of the Gibbs free energy are 
not favorable for converting CO, into other molecules [133]. As the 
carbon-oxygen bonds are strong in CO, high energy inputs are 
required for breaking these bonds. Similarly, the entropy (TAS°) 
term is also not thermodynamic driving force for any reaction 
involving CO2. In fact, enthalpy AH° term can be conveniently 
considered for assessing the thermodynamic stability and feasi- 
bility of any CO- conversion. However, it was suggested that a 
positive change in free energy should not be taken as a sufficient 
reason for not pursuing potentially useful reactions of CO, reduc- 
tions into value added products. Even though AG? gives discoura- 
ging values about the yield of products at equilibrium through the 
relationship (AG°= — RT In K), kinetics indeed favor certain reac- 
tions. Thus, in order to convert CO, into value added chemicals a 
good catalytic system is required [133,134]. Given the kinetics is 
favorable, CO reduction to CO (believed to be a key step in all 
conversion reactions) is possible at metal surfaces, or some other 
catalytic materials, e.g. nanoscale metal particles encapsulated in 
nano- and meso-porous hosts [37,134]. There was a perception 
that the CO- conversion would be so endothermic that its conver- 
sion would not be feasible [84,135]. But it should be noted that a 
large number of industrial-scale chemical manufacturing pro- 
cesses are currently operated worldwide on the basis of strongly 
endothermic chemical reactions. One such classic example is the 
steam reforming of hydrocarbons to produce syngas and H2 
(Eq. (3)). This highly endothermic reaction is in fact used world- 
wide for producing “commercially available hydrogen” or “mer- 
chant hydrogen” required for several industrial applications. The 
corresponding CO, reforming of CH, (called as “dry reforming”) is 
an example of important reaction of CO2 with a hydrocarbon. This 
reaction can be considered as a central importance for considering 
the conversion of waste stream CO; to valued added chemical fuels 
(Eq. (4)) 


CH4+H,0—CO+3H>; AH°=+206.3 kj mol`! (3) 
CH4+CO2—2CO+2H2; AH°= +2473 kj mol`! (4) 


The dry reforming (CO2+CH,—2C0+2H:2) requires about 
20% extra energy input in comparison to steam reforming 
(H20+CH4—> CO+3Hz), but this is certainly not a prohibitive extra 
energy cost for this chemical reaction. Importantly, these two 
reactions give rise to syngas with different H2/CO molar ratios. 
Both are useful for the formation of syngas, and for ultimate liquid 
fuel, i.e., gasoline, production. The conversion of energy from 
gaseous state into liquid fuel is an important gain in the reaction 
of high temperature hydrogenation of CO, to methanol as far as 
energy density or energy storage is concerned [85,136-139]. 
Nevertheless, there is no commercial process for converting CO2 
into liquid fuels and chemicals, which consume a large amount of 
CO>. This process can be made feasible by thorough understanding 
of fundamental chemistry of CO, activation and by developing 
efficient catalytic systems for breaking C-O bond and making C-H 
and C-C bonds using electricity [136]. 

In neutral aqueous solution the overall thermodynamic 
requirements for reduction of water to hydrogen and of carbon 
dioxide to CO and formate are similar. Two-electron reduction 
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potentials at pH 7 and 25°C are shown in Eqs. (5)-(7) [140]. 
Moreover, in seeking catalysts for these reactions similar issues 
arise. Both reductions are very difficult via one-electron processes, 
since the one-electron reduction products H atom and -CO2~ 
(formate radical) are extremely energetic species. By using pulse- 
radiolytic methods, Schwarz and Dodson have recently deter- 
mined E° for the CO3/-CO2~ couple to be — 1.9 V vs. NHE in water 
[141], and the intrinsic barrier for this one-electron reduction is 
estimated to be ca. 0.6 V. The -CO2~/:CO2?~ potential has been 
estimated to be — 1.2 V vs. NHE [142]. Values for Ht /H-/H~ have 
been discussed previously and the one-electron reduction poten- 
tials at pH 7 and 25 °C [140] vs. NHE for hydrogen and CO, are 
given in Eqs. (8) and (9), respectively 


2H20(1)+ 2e— > Hag) + 20H (aq); E°=—0.41 V vs. NHE (5) 


CO2(1)+ H20,)+2e7 > CO(g) + 20H (aq); E°” = — 0.53 V vs. NHE (6) 


CO2(1)+H20q)+2e7 > HCO2¢)+ 20H(aq), E° = — 0.31 V vs. NHE (7) 


Ht EH eH- (8) 
co, coz 47 400. (9) 


Thus in either H20 or CO, reduction, paths involving the (free) 
one-electron reduction products are expected to be vanishingly 
slow. Hence, the means of circumventing these paths or stabilizing 
the one-electron species are sought. In the H20/H2 reaction, metal 
hydride complexes may provide catalytic routes. In the CO2/CO or 
HCO,” reaction, catalysis by metal complexes may involve coor- 
dination of CO2 [143] or insertion into a metal hydride bond to 
yield a formate species [144]. In the presence of HCO3~, the H20 
and CO» reductions appear to involve a common intermediate. 
Interestingly, the presence of water is required in a number of 
systems when CO; reduction occurs. Unfortunately, the presence 
of water also complicates the issue of the carbon substrate 
undergoing reduction. In aqueous media, the equilibriums (appro- 
priate to ~0.5 M ionic strength, 25 °C [145]) shown in Eqs. (10)- 
(13) must be considered 


CO2(2)COxaq) K=3 x 107? M atm. ~! (10) 
CO2(g)-+H205H2CO; K=2.6 x 107° M (11) 
H2CO3H* +HCO3~ K=2.5 x 10-5M (12) 
HCO32~-SH* +CO32- K=1.6 x 1071 M (13) 


Above pH 10 and below pH 4, “CO,” solutions contain CO32~ and 
H2CO3/CO2, respectively. Near pH 7, the three species HCO3~, CO2 
and HCO; are present and their distribution is pH dependent. 
Consequently pH variations carried out to assess the role of H* in 
CO, reduction system may be difficult to interpret when the 
dominant “CO,” form(s) change. Furthermore, the equilibration 
of gaseous and aqueous CO must be taken into account, and 
depending upon the experimental procedures (and time scales), 
the above equilibriums may lead to substantial changes in the CO2 
partial pressure above a solution and in the concentration(s) of 
dissolved species. Finally, the free-energy change for “CO,” reduc- 
tion is a function of the substrate and pH (Table 4). Fig. 5 
summarizes the data presented in Table 4 in a graphic form. In 
Fig. 5, the following standard state conventions are used: H20, 
liquid; Hz and CO, gas (i.e., 1 atm.); CO2, HCO2H, HCO2~, HCO3~, 
and CO3?~, aqueous (i.e., 1 M). 


Table 4 
Half-reactions of CO2 in aqueous electrochemical cells. 


pH Half-reaction E? (V) H+*/H3; E° (V) 
0 CO2¢¢)+2H * +2e=CO(g) + H20 —0.12 0.00 
7 HCO3~ + 3H* +2e=CO(g)+2H,0 — 0.48 —0.41 
9 HCO3~ + 3H* +2e=CO(g)+2H20 —0.66 —0.53 
11 CO37~ +4H* + 2e=CO(g)+2H20 —0.87 —0.65 


0.0 
CO/CO 

HCO3-/CO 
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> 
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Fig. 5. E° values (vs. NHE) for two electron reduction of H20 and CO; as a function 
of pH and dominant forms of reactants and products [141]. 


5. Conversion of CO, into methanol following thermochemical 
routes 


Table 5 lists the various catalytic systems employed for synthesis 
of methanol from CO, by following catalytic hydrogenation 
(i.e, thermochemical) routes [98,99,146-158]. Methanol can be 
prepared from CO, by catalytic hydrogenation (CO2+3H2s- 
CH30H+H20) and thus obtained methanol could be transformed 
into dimethyl ether, DME (2CH3;0HSCH30CH3+ H20), via dehydra- 
tion. These two reactions can also be performed together in a 
single-step. In the catalytic hydrogenation of CO2 to methanol, the 
first step is believed to be the reverse water-gas shift (RWGS) 
reaction (CO2+H2CO+H20) [44]. In the conventional methanol 
synthesis process, CO formed is mixed with H to react with and 
form methanol (CO+2H2sCH30H) over copper-zinc-oxide-based 
catalysts under extreme reaction conditions (125-525 °C under 
2-12 MPa pressure) | 159-163]. Since, all these reactions are equili- 
brium reactions, they occur almost at the same temperature and on 
the same catalyst. In fact, the synthesis of methanol from syngas 
over copper-zinc-oxide-based catalysts is a well-established pro- 
cess, and about 40 Mtons of methanol per year is being produced 
every year at present by following this route. In this commercial 
process, about 3% CO% is supplied together with syngas to enhance 
the reaction rate. Since RWGS is a reversible reaction, the same 
catalyst can be employed to carry out both reactions of water-gas 
shift (WGS) and RWGS. The best catalyst noted for these reactions 
has been a multi-component Cu/ZnO/ZrO2/Al,03/SiO2 composition. 

When methanol was synthesized from CO2/H2 mixture 
(CO2+3H2SCH30H+H20) instead of from syngas (CO+2H2s- 
CH30H), about 3-10 times lower productivity was noted [44]. 
The water formed as a byproduct in the direct methanol synthesis 
from CO2 was found to inhibit the reaction rate. It has been 
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Table 5 
Catalysts employed in the catalytic hydrogenation of CO2 into methanol. 


Catalyst Catalyst preparation method Reaction temp. (°C) CO, conversion (%) Methanol selectivity (%) Methanol activity Reference 
(mol kg~! cat. h) 
Cu/Zn/Ga/SiO, Co-impregnation 270 5.6 99.5 10.9 [146] 
Cu/Ga/ZnO Co-impregnation 270 6.0 88.0 11.8 [147] 
Cu/ZrO2 Deposition-precipitation 240 6.3 48.8 11.2 [148] 
Cu/Ga/ZrO> Deposition-precipitation 250 13.7 75:5 1.9 [149] 
Cu/B/ZrO2 Deposition-precipitation 250 15.8 67.2 1.8 [149] 
Cu/Zn/Ga/ZrO2 Co-precipitation 250 n/a 75.0 10.1 [150] 
Cu/Zn/ZrOz Co-precipitation 250 19.4 29.3 n/a [151] 
Cu/Zn/ZrO2 Urea-nitrate combustion 240 17.0 56.2 n/a [152] 
Cu/Zn/ZrO2 Co-precipitation 220 21.0 68.0 5.6 [153] 
Cu/Zn/ZrO> Glycine-nitrate combustion 220 12.0 71.1 n/a [154] 
Cu/Zn/Al/ZrO> Co-precipitation 240 18.7 47.2 n/a [155] 
Ag/Zn/ZrO2 Co-precipitation 220 2.0 97.0 0.46 [153] 
Au/Zn/ZrO2 Co-precipitation 220 1.5 100 0.40 [153] 
Pd/Zn/ZrO2 Incipient wetness 250 6.3 99.6 11 [156] 
Ga203-Pd/SiO2 Incipient wetness 250 n/a 70.0 7.9 [157] 
LaCro.sCuo.503 Sol-gel 250 10.4 90.8 n/a [158] 


suggested that if water formed during reaction is continuously 
removed by catalytic distillation or by the use of inorganic H20 
permselective membranes, the yield is expected to increase [44]. 
The possible membranes for this process could be hydrophilic 
nano-pore zeolite (NaA) film deposited on a ceramic tubular 
support. This membrane is used at present for pervaporation of 
water-ethanol solutions. Not only low yields but also almost one- 
third of Hz is consumed in the formation of water as a byproduct 
in direct methanol synthesis process from CO. Hence, synthesis of 
methanol from syngas is more profitable when compared with the 
direct synthesis of methanol from CO, following thermochemical 
routes [44]. Nevertheless, considerable research efforts are still 
being made with an aim to develop highly efficient catalysts for 
direct methanol synthesis from CO, for industrial applications. For 
this purpose, Cu has been selected mainly as an active catalyst. 
Effect of metal oxide support on 5wt% Cu catalyst has been 
studied and several kinds of excellent Cu-ZnO based catalysts 
such as Cu-ZnO-Al2,03—Cr203, Cu-ZnO-TiO2, Cu-ZnO-Ga203 and 
Cu-ZnO-Zr0Oz-Al,03-Ga 203 have been developed [164-166]. Sur- 
prisingly, addition of small amount of CO to the H2/CO2 feed has 
also significantly increased the direct methanol formation from 
CO2 and H2 | 164-166]. Among various catalyst systems studied so 
far, the copper-zinc oxides doped with ZrOz, Ga203, and SiOz have 
been found to be best for this reaction | 167]. It has been identified 
the metallic Cu surface of these catalysts is the main active center, 
and the activity of these catalysts was found to be directly 
proportional to the exposed surface area of metallic Cu 
{168-172]. Furthermore, the catalytic activity for this reaction 
was found to be independent of the CuO surface area [160], 
whereas it was found to be dependent on the amount of Cu* 
sites [173]. When compared with a pure oxidized Cu (100), a 
mixture of metallic Cu (100) plus oxidized Cu (100) exhibited an 
order of magnitude higher activity for this reaction [174]. The Cu 
(I) sites formed out of the oxidation of Cu have been found to 
stabilize carbonate, formate, and methoxide reaction intermedi- 
ates during this reaction [175]. These observations have been 
further substantiated by near-infrared-visible absorption study of 
Cut-O-Zn in dissolved Cu(I) on ZnO matrix [176]. 

From the above discussion, it can be understood that the 
activity of direct formation of methanol by the catalytic hydro- 
genation of CO, is not only influenced by active catalytic sites but 
also by the support material. The Cu supported on CuO/ZnO with 
30/70 weight ratio provided a methanol yield of 3.63 x 107° kg 
per square meter of the catalyst per hour at 250°C under a 
pressure of 75 atm., whereas pure Cu provided a yield of less than 
10~® kg per square meter of the catalyst per hour [173]. Since, the 


wurtzite ZnO is an n-type semiconductor, besides oxygen vacan- 
cies, it also contains an electron pair, hence, believed to serve with 
active sites for methanol formation. According to a theory, an 
addition of ZnO to Cu/CuO catalysts creates cation and anion 
lattice vacancies, which are responsible for improved adsorption 
and transformation of CO, as well as the enhancement of Cu 
dispersion on the catalyst support. The formate intermediate was 
found to adsorb at the interface between Cu and ZnO or Cu-O-Zn 
[177]. By employing the mixtures of Cu/Si02+ZnO/SiO,z as cata- 
lysts, it was found that ZnO creates Cu-Zn active sites for this 
reaction and the morphology of Cu was found to undergo any 
change during the reaction [178]. Further, ZnO is believed to 
stabilize many active sites by absorbing the impurities present in 
the syngas stream. A small amount of sulfur could be a poison for 
Cu catalyst if ZnO is absent as a support, thus ZnO inhibits the 
sulfur poisoning of Cu active sites during this reaction [179]. 

The reaction activity, product yield and catalyst life are not only 
found to be by the catalyst composition but also by the reaction 
conditions employed. As both catalytic hydrogenations of CO and 
CO- into methanol are exothermic reactions, methanol conversion 
was found to be increased upon increasing the reaction pressure 
and decreasing the reaction temperature according to the Le 
Chartelier's principle. Since the equilibrium constant decreases 
with an increase in temperature, a low temperature condition is 
preferred for methanol formation. However, increasing reaction 
temperature could also increase the reaction rates for both these 
hydrogenation reactions. Nevertheless, methanol formation has 
been found to be sensitive to optimal temperature ranges over 
different catalysts. Higher reaction temperatures could also rapidly 
reduce the activity and shorten the catalyst lifetime by promoting 
the sintering process and agglomeration of Cu on the catalyst 
surface. Catalysts also tend to undergo deactivation faster at high 
pressures again by the enhanced sintering process. A search for 
ideal catalyst system that is very active under low pressures and 
low temperatures with long lifetime is still active. 

The most advanced method for the production of methanol 
from CO2 is being followed by a leading Japanese chemical 
company, Mitsui Chemicals Inc., [180]. This company is producing 
H2 from water using renewable solar energy and then reducing 
CO, into methanol using that hydrogen. Carbon Recycling Inter- 
national (CRI) Inc. also developed a process for converting CO, into 
methanol with the help of Nobel Laureate George A. Olah. This 
company is located in Iceland and it has a capacity to produce 
around 2 million liters of methanol per year. The H2 for this 
reaction also produced by electrolysis using energy produced from 
renewable sources mainly geothermal, hydro, and wind. 
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6. Electrochemical reduction of CO2 to methanol 


Although the Sabatier and Fischer-Tropsch thermochemical 
routes are still practiced today, the electrochemical reduction of 
CO, into value added chemicals appears to be better than those of 
historical thermochemical processes in terms of mild reaction 
conditions are concerned. In contrast to methanol formation from 
syngas and CO, feed, which require extreme reaction conditions, 
the aqueous electrochemical CO reduction into methanol is 
performed under ambient conditions [159-163]. Thus, this latter 
process could be a most convenient way of storing electrical 
energy in the form of liquid fuels without increasing additional 
CO- emissions. Since, either Hz or water is the source of H* in this 
latter COz reduction process, the environmentally friendly water is 
a bi-product. Even several hydrocarbons and O> could also be 
produced in this latter electrochemical process [159-163]. The 
other advantages of this latter process are the better chemical 
efficiency and higher physical yield of the final product in 
comparison to byproducts normally formed. By employing suitable 
electrode and catalytic systems, very high Faradaic efficiency could 
be achieved in electrochemical process. A reaction with high 
Faradaic efficiency means a lower energy requirement to complete 
the reaction. Development of a better method for the reduction of 
CO, into methane could also help in the in situ production of fuel 
on the way to traveling to Mars (i.e. Mars mission becomes 
simple). As electrochemical method offers several advantages 
[181] over thermochemical routes a great variety of organic 
compounds including benzylchlorides [182,183], allylic halides 
[184], vinyl bromides [185], vinyl triflates [186], carbonyl com- 
pounds [187], benzoyl bromide [188], 2-amino-5-chloropyridine 
[189], alkenes [190], alkynes [191], epoxides [192], etc. have been 
successfully synthesized by following electrochemical routes. 

Scheme 7 shows the most probable reactions’ sequence that 
could take place in electrochemical reduction of CO, into metha- 
nol [159-163]. The other compounds that are expected to form 
together with methanol are HCOOH, HCHO, and CH4. Since CO3 
reduction into methanol and CH, requires 6 and 8 e~ (electrons), 
respectively, these two reduction reactions are considered to be 
kinetically more difficult, hence, they need very active and 
selective catalytic systems. The reduction of CO2 with 6e~ and 
6H* over a catalyst surface into methanol does not need much of 
thermodynamic energy input similar to the dark reaction of the 
natural photosynthesis, but the formation of e~ and Ht from 
water needs thermodynamic energy similar to the light reaction of 
the natural photosynthesis as the latter reaction is endothermic in 
nature (Scheme 8) [159-163]. In the natural photosynthesis, 
energy needed, for H20 splitting into e~, Ht and molecular 
oxygen (Oz) in photosystems I and II, is drawn from sunlight by 
chlorophyll pigment of the plant leaves. This suggests that the 
production of e~ and H* from H20 not only requires a suitable 
catalyst but also an energy input more than the theoretically 
required one. On the whole, in order to reduce CO, into methanol 


CO. + 2 & (at cathode surface) > CO, 

CO. + H-O > HCO, (formate ion) + OH- 
HCO. + 2 H* + OH- —> HCOOH (formic acid) + H,O 
HCOOH + 2 & (at cathode surface) > HCOOH? 
HCOOH? + 2 H* > CHOH), (an unstable compound) 
(*H.(OH), (an unstable compound) > HCHO + H.O 
HCHO + 2 & (at cathode surface) + 2 H* > CH,OH 


Net reaction: CO, +6 H'+6e — CHOH + H,O 


In put Out put 


Scheme 7. A most probable reactions sequence to be occurred in the electro- 
chemical reduction of COz into methanol. 


using exclusively solar energy in electrochemical cells (i.e., for 
realizing artificial photosynthesis process), three components are 
required: (i) a water oxidation/splitting catalyst, (ii) a solar energy 
harvesting system to produce electricity from sunlight in order to 
produce e~ and H* from water by electrolysis process, and (iii) a 
catalyst to reduce CO, into methanol by consuming e~ and Ht 
formed in water splitting reaction [159-163]. The involved cataly- 
tic systems could be metals, metal oxides, inorganic complexes, 
inorganic or organic molecules, semiconductors, enzymes, and 
their combinations. Furthermore, these catalytic systems could 
also be either homogeneous or heterogeneous. 

The CO, electrocatalytic reduction reactions are “reversible” in 
comparison to anode reactions that occur in fuel cells. Electrical 
energy is stored in the form of chemical energy in chemical bonds 
of fuels formed during electrochemical COz reduction reaction. In 
thermodynamics, the Gibbs free energy of CO» reduction is always 
positive at medium and high pH range, and the theoretical 
potentials are negative. Thus, CO2 reduction requires electrical 
energy input. In kinetics, the electrochemical reduction of CO, 
requires overpotential always >1.0V (vs. standard hydrogen 
electrode, SHE or normal hydrogen electrode, NHE) to get reason- 
able amounts of fuels. In an aqueous electrolyte, CO reduction is 
accompanied with H20 reduction, hence, H2 is a major byproduct, 
which always competes with CO; reduction reaction. Certain high 
H2 overvoltage (overpotential) metals such as Hg suppresses H2 
evolution reaction (HER), but lead to the formation of only formate 
ions (HCOO~ ) at very high overpotentials (means at high energy 
cost) [193,194]. This is the reason why CO2 conversion requires 
either NH3 and amine having high free energy content in stoichio- 
metric reactions or certain external energy like thermal, electrical, 
and photo in other reactions. Involvement of appropriate catalytic 
system can promote reaction rates and directs the selective path- 
way, hence, to minimize the excess energy requirement to precede 
CO, reduction reaction [193,194]. 

In fact, the electrochemical reduction of COz has been studied 
for more than a century [193,194]. In this process, theoretically, 
water is oxidized at the anode by releasing electrons, which travel 
through an external wire to reduce CO, at cathode to various 
products. The methanol formation is a combination of the reduc- 
tion reaction at the cathode and oxidation reaction at the anode. 
Eqs. (14) and (15) depict reaction steps involved at anode and 
cathode during electrochemical reduction of CO2 into methanol 


Anode reaction: 2H,0-02+4H+t+4e~; E,=1.23 V vs. NHE (14) 


Cathode reaction: CO2+6H+t +6e~ > CH30H+H20; E,=0.02 V vs. 
NHE (15) 


Thermodynamically, it is possible to reduce CO% into methanol by 
following electrochemical methods. However, reduction potential 
of CO2 is only about 20 mV positive of HER. Actually, it is necessary 
for any reaction to utilize complete supplied electrical energy to 
obtain the maximum product yield. However, in the reduction of 
CO, into methanol in electrochemical cells, the supplied electrical 
energy (i.e., the supplied potential) is shared by two reactions, i.e., 
(i) HER and (ii) the reduction of CO2 into methanol. In order to 
achieve higher yields of methanol in this latter reaction, it is 
necessary to use a Catalyst or electrode to suppress the HER so that 
all the H* and e~ formed in the water oxidation reaction will be 
consumed only by CO2 reduction reaction. The reactivity of CO2 
reduction is very low; even though the equilibrium potentials of 
CO, reduction are not very negative compared to HER in aqueous 
electrolyte solutions under standard conditions 


CO>-+H20+2e~ +HCOO~ + OH~ (—0.43 V vs. NHE) (16) 


CO2+H20+2e~- +CO+20H™ (—0.52 V vs. NHE) (17) 
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Scheme 8. A schematic showing the functions of photosystem-I (PS-I) and photosystem-II (PS-II) of natural photosynthesis. 


CO2+6H20+8e~ >CH4+80H~ (—0.25 V vs. NHE) (18 
2CO2+8H20 + 12e~ + C2H4+120H~ (—0.34 V vs. NHE) 19 
CO2+6H* +6e~ >CH3;0H+H20 (—0.38 V vs. NHE) 20 


2CO>+9H 0+ 12e~ +C,H,OH+12 OH- (—0.33 V vs. NHE) (21 


) 
) 
) 
) 
3COz+13H20+ 18e~ + C3H7OH+ 180H~ (—0.32 V vs. NHE) (22) 
) 


2H,0+2e~- > 20H~ +H; (—0.41 V vs. NHE) 23 


The primary reactions that occur on the surface of electrode in 
aqueous solution at 25°C vs. NHE are as follows [85,195]. CO, 
reduction does not occur easily and it requires higher potentials 
than the theoretical ones. This is mainly because of the single 
electron reduction of CO2 to CO2°~ (Eq. (24)) that occurs at 
— 1.90 V vs. NHE. This step has also been considered to be a 
rate-determining step (RDS) in the CO, reduction processes. 
According to Nernst equation, the theoretical equilibrium poten- 
tials decrease with increasing pH [196]. For example, the theore- 
tical or equilibrium reduction potential is only about +0.17 V vs. 
NHE for CO, reduction into methane at pH 0 (Eq. (25)). The CO, 
reduction reactions have been found to be greatly limited by 
reaction kinetics: 


CO,+e- CO,’ ~ (—1.90 V vs. NHE) (24) 
CO2+8H* +8e~ >CH4+2H20 (+0.17 V vs. NHE) (25) 


Considering their low equilibrium potentials, thermodynami- 
cally, the products of methane (Eq. (25)) and ethylene (Eq. (19)) 
should occur at a less cathodic potential than HER (Eq. (23)), 
however, this does not happen due to kinetic limitations. 
Normally, HER takes place in aqueous electrolytes by cathodic 
polarization, competing with CO, reduction. Furthermore, HER is 
prevalent in acidic solutions, whereas CO, does not exist in a basic 
solution. This is the reason why CO» reduction experiments are 
normally conducted in close to neutral electrolyte solutions using 
0.05-0.5 M NaHCO; supporting electrolyte [85,138,195,197-210]. 
The electrochemical reduction of CO to methanol and methane 
involves high electrode overpotentials. This latter process is not 


economical because the amount of energy consumed during the 
synthesis of the reduction products is very high when compared 
with the one that is contained in the formed products [14,211,212]. 


6.1. Pure metals as cathode materials 


In order to obtain CO, reduction products with high product 
yields, initially, metals and amalgams, which have high over- 
potentials towards HER, were employed as cathodes [213-216]. 
In 1904, Zn, amalgamated Zn and amalgamated Cu were employed 
as cathodes to reduce CO2 in aqueous NaHCO; and K2SO, solutions 
electrolytically to produce HCOOH [213]. The Cu electroplated with 
amalgamated Zn exhibited high efficiency for reducing pressurized 
CO, electrolytically [214]. Methanol was noted in minimal 
amounts over Pb electrodes in K250, and (NH4)2SO, electrolytes. 
When CO, was reduced on Hg cathode, HCOOH was formed with 
100% current efficiency [215]. In 1969, when steady state polariza- 
tion techniques and cathodic galvanostatic charging techniques 
were employed to reduce CO, on Hg electrode in buffered neutral 
and acidic aqueous solutions and determined the resultant current 
efficiency, only HCOOH was identified in neutral solution; while in 
the acidic buffer, both HCOOH and Hz were identified [216]. 
Although current efficiency was found to be high at initial stages, 
they fell rapidly with time for cathodes made of Hg. When rotating 
amalgamated cathode was employed to reduce CO: electrolyti- 
cally, an improved current efficiency for formate formation with- 
out any loss in current efficiency was also observed [217]. In 1977, 
when CO, was reduced in electrochemical cell in a neutral 
electrolyte on an Hg electrode, only HCOOH was observed [218]. 
In this latter study, HCHO was also reduced to methanol at a 
current density of 10 mAcm~?. During mid of 1980s, CO, was 
reduced over several metals and semiconducting materials such as 
GaAs and InP and observed the formation of methanol at lower 
current densities (< 1 mA cm~?) [219-221]. However, these latter 
reports are the first ones reporting the direct conversion of CO2 
into methanol in an electrochemical cell containing aqueous 
electrolytes and electrodes made of III-V semiconductor (GaAs 
and InP) or metals such as Ru and Mo for which the maximum 
current densities noted were <1 mAcm~?. 
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In 1982, experiments were also conducted to evaluate the effect 
of electrolyte on the electrocatalytic reduction efficiency of CO, on 
Hg electrode, in which aqueous solutions of NaHCO3, NaH2PO,- 
Na2HPO,, NaCl, NaClO4, Naz2SO4, LiHCO3, and KHCO3 and their 
combination were employed as electrolytes [222]. In 1985, a 
breakthrough in the electrochemical reduction of CO% to hydro- 
carbons (methane, ethylene, etc.) with high rates and efficiencies 
was seen when a Cu metal was employed as a cathode [138,201]. 
The direct reduction of COz into hydrocarbons was noted with a 
current density of 5-10 mA cm~? and current efficiency of > 69% 
at 0 °C in aqueous electrolyte on Cu cathode [85,138,139]. Later on 
various Cu-based catalysts (Cu single crystals, pure Cu electrode, 
and Cu alloys electrodes) have been extensively employed 
from both fundamental and applied perspectives to reduce CO, 
[197-204]. A gas mixture of hydrogen, methane, ethylene and CO 
called “hythane” formed over Cu electrode, which could be 
considered as an alternative fuel for existing vehicles [205,206]. 
An improved transportation of CO2 was noted when gas diffusion 
electrode (GDE) and solid polymer electrolyte (SPE) were 
employed, which resulted into an improved CO, reduction reac- 
tion activity [207-210]. The major reduction products noted in 
these latter reactions have been formic acid, formaldehyde, iso- 
propanol, methane, methanol, ethylene, and CO. 

Pourbaix diagram for CO, shows the equilibrium reduction 
potentials as a function of pH in Fig. 6 [95]. The selectivity and 
efficiency of electrochemical reduction of CO, have been found to 
be a strong function of electrocatalysts and operating conditions 
[138]. These results further suggest that the end product of the 
electrochemical reduction of CO, is also highly influenced by the 
electrolyte used, the metal surface chosen, and the degree of 
cathode polarization. Considerable efforts were also made to 
suppress the HER and to improve CO, reduction reaction over 
Hg and Pb metal cathodes that have high overpotentials towards 
HER. Based on the major products formed in the electrochemical 
reduction of CO», the metal electrodes have been grouped into 
subdivisions (Fig. 7) [95]. A majority of the VB-VII group metals 
possess low overvoltages towards HER, hence, produce mostly H2 
gas with very small amounts of CO2 reduction products. Groups IB, 
IIB and some of Group VII metals produce mainly CO and HCOOH. 
Cu and Ti electrodes produced more complex hydrocarbons. The 
information of Fig. 7 is much clearly summarized in Table 6. It can 
be seen from this table that all the metals do not possess the same 
potential. This information gives a general understanding about 
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Fig. 6. Pourbaix diagram for carbon dioxide reduction reaction at 25 °C [95]. 


the required overpotential to reduce CO% into methanol or to any 
value added chemical. 

In a recent review article, the literature reported up to 1997 on 
electrochemical reduction of CO» on flat metallic cathodes was 
reviewed and summarized [92]. Usually, the electrochemical 
reduction conditions are classified based on the products formed, 
but in this review article, the classification was made based on the 
nature of the cathode (sp or d group metal electrodes) and solvent 
employed for the supporting electrolyte (aqueous or nonaqueous 
solutions). According to this review, irrespective of the four 
possible combinations of electrodes and supporting electrolytes 
(sp group metals in aqueous and nonaqueous electrolytes, and d 
group metals in aqueous and nonaqueous electrolytes, respec- 
tively), the resultant products are almost same. Further, this 
review concludes that the formation of products depends mainly 
on the electrocatalytic activity of the cathodic metal. The sp group 
metal electrodes such as Pb, Hg, and In which possess high 
overpotentials for HER, showed considerable Faradaic efficiencies 
for HCOOH and oxalic acid. The In metal is a well-known cathode 
for selective reduction of CO, to formic acid at ambient pressure as 
well as at 60 atm. pressure in aqueous KHCO3 solution to form 
HCOOH at current densities useful for technological applications 
(560 mA cm7?) [92]. The Hg and graphite were found to be more 
selective towards oxalic acid and malic acid formation, whereas 
the group VIII metals were found to be selective for C2-C4 
chemical intermediates that can be converted into valuable 
products in subsequent processes, Pd was found to be selective 
for the formation of formate ions and hydrocarbon molecules, and 
the Mo and Ru were found to be selective for methanol and 
methane formation [92,211]. Among the various metal electrodes 
employed for this purpose, the Cu has been found to be the most 
promising cathode for hydrocarbon manufacturing. As the current 
efficiency for methane and ethane depends on the continuous 
removal of the products from the electrode surface, the use of 
rotating disc electrodes has been recommended (vibrating elec- 
trodes may be the technical solution at the industrial scale). 
Further conclusions from this review are the precious metals such 
as Pt, Ti, Ru, which normally show high catalytic activity, do not 
reduce CO, in aqueous systems because they possess low over- 
voltage potentials for HER. These latter metals produce mainly H2 
at near 100% current efficiency. The Hg, Cd, Pb, Tl, In and Sn 
electrodes not only possess high overvoltages for HER, they also do 
not adsorb CO; hence, CO could be reduced with high current 
efficiency over these electrodes but only to formate. The Pt, Ni, Fe 
and Ti electrodes with low hydrogen overvoltage and high CO 
adsorption strength reduced CO, to CO at 5-10 mAcm ~”, but the 
principle product has been only H2 [223,224]. In aqueous systems, 
Au, Ag, and Zn exhibited high efficiency for the formation of CO on 
account of their relatively low Hə overvoltages nearing 1V 
(vs. NHE). For example, a Zn electrode produces mostly CO at an 
about 80% current efficiency at — 1.54 V (vs. NHE) potential, which 
is 1 V higher than the one predicted by thermodynamics. The Au, 
Ag, Zn and Cu electrodes with a medium hydrogen overvoltage 
and a weak CO adsorption catalyzed the breaking of the C-O bond 
in CO, and also allowed desorption of CO. In summary, the Au, Ag 
and Zn produce CO with high current efficiencies, whereas the Cu 
produces hydrocarbons [82,201,225,226]. Alternatively, metals 
have also been grouped based on their electronic state, i.e., into 
sp or d, and based on the type of electrolyte (aqueous or nonaqu- 
eous) employed [92]. The latter classification has been more 
advantageous as it helps to identify products based on the physical 
nature of the metal, electronic environment, and electrolyte 
properties [227]. When CO, reduction reaction was performed 
over Ni catalyst, CO and Hz were formed in 1:1 ratio at a current 
density of 10 mA cm~? and a cell voltage of 3.05 V (vs. NHE) with 
an overall energy efficiency of 44.6% [228]. The electrocatalytic 


234 


L T] Hydrocarbons 


wii 


I. Ganesh / Renewable and Sustainable Energy Reviews 31 (2014) 221-257 


E- 
| h >95% 


Tai 
*Lanthanide series 


**Actinide series 


Eu | Gd | Tk | Dy | Ho | Er | Tm| Yb 
ad a a aranh anan eea Saa aa 
Am|Cm| Bk | Cf | Es | Fm | Md | No 
my ear an ps Le Ln p pA 


Fig. 7. Metal-metal (cathode) stored based on 


reduction of COz to HCOOH or CO at Pd, Pt and Hg electrodes is not 
commercially viable due to the high cost of these electrodes 
[15,229-231]. 

The CO2 reduction into oxalic acid at — 0.9 V (vs. NHE) and 
glyoxylic acid at — 1.8 V in aqueous solution containing tetramethy- 
lammonium ions at pH 9 was noted over the surfaces of carbon and 
Hg cathodes when experiments were performed in a three com- 
partment electrochemical cell, in which the compartments were 
separated by a cation exchange membrane [232]. The working 
electrode was a Shandon-Southern graphite disc electrode (5.0 cm 
diam.), the counter electrode was Pt gauze, and the reference 
electrode was Ag/AgCl. Electrolysis was carried out at —0.9 V (vs. 
NHE) for 3.25 h at 1.2 mA, the solution from the cathodic compart- 
ment was passed through an ion exchange column and then freeze 
dried to yield oxalic acid (1.3 x 10~* mol or 78%). 

The complete literature reported on aqueous reduction of CO2 
on Cu electrodes up to the year 2006 was also summarized in a 
recent review article, in which, it was concluded that the product 
distribution varies with the reaction conditions such as potential, 
buffer strength and local pH, local CO, concentration, stirring, the 
type and amount of other ions present in the solution, and CO2 
pressure employed [85]. The product distribution is also found to 
be highly sensitive to the surface crystal structure of Cu electrode. 
Nevertheless, the conversion of CO» into hydrocarbons in electro- 
chemical cells has been considered to be an interesting and 
potentially useful reaction [200,201]. Furthermore, it was also 
concluded that Cu is a potential cathode metal for electrochemical 
CO- reduction into hydrocarbons. 

The formation of syngas was noted at room temperature when 
CO, reduction reaction was performed in aqueous electrolyte by 
employing gas diffusion electrodes (GDEs) implanted with an 
aqueous KHCO3 (pH buffer) layer between the Au/Ag based 
cathode catalyst layer and the Nafion membrane [233,234]. Fig. 8 
shows an electrochemical cell that was employed to perform CO3 
reduction using GDEs and Nafion membrane [88]. Au catalyst 
exhibited a lower overpotential of 200 mV in comparison to Ag 
catalyst for this reaction. A decrease in CO current efficiency was 
noted with the increase of overall current density efficiency, which 
has been attributed to CO mass-transport limitation. The overall 
cell (with Pt-Ir as anode catalyst) energy efficiency was found to 
be about 47% at 20 mA cm~? that has been decreased to about 32% 
at 100mAcm~? for both catalysts. Joule heating losses were 
identified to be responsible for these noted losses. On supported 
Au catalyst, the current densities as high as 135 mA cm~? for CO 
formation for a short period were noted [233]. The noted ratio 


CO» reduction products in KHCO3 based media [95]. 


between CO and H; was 1:2 at a potential of about — 0.2 V vs. SCE 
with a total current density of 80 mA cm~. This ratio is preferred 
for methanol synthesis following thermochemical route. A 
decrease in the catalyst selectivity for CO evolution with time 
was also noted [234]. 

When Mo [219-221] and several types of Ru electrodes 
{220,235-238] were employed, methanol formation in electro- 
chemical reduction of CO, with Faradaic efficiencies up to 60% at 
current densities less than 2 mA cm~? was observed. The highest 
current densities up to 33mAcm~? and Faradaic efficiencies 
greater than 100% were also observed towards methanol forma- 
tion over the surface of oxidized Cu electrodes [239]. A six- 
electron reduction mechanism was considered to determine these 
efficiencies. An improved activity and selectivity for CO2 reduction 
were also noted when Cu catalysts were subjected to some surface 
modifications [240-242]. The maximum amounts of methanol 
were noted on an intentionally preoxidized Cu electrode at a 
partial current density of 15mAcm~? [239]. However, these 
results were found to be not reproducible, even when employed 
the oxidized Cu as a cathode [241]. Nevertheless, a continuous 
steady formation of methanol on Cu electrode at a high current 
density is yet to be seen [138]. 

The Cu-based alloys such as Cu-Ni, Cu-Fe, formed by in situ 
deposition exhibited decreasing yields towards CH4 and CH; in 
the electrochemical CO, reduction while increasing HER with the 
increase of Ni or Fe coverage on the surface of Cu [228]. The 
formation of CH, and C2H4 was noted when Cu-Cd was employed 
as a cathode in this reaction. With the increase of Cd coverage CH4 
and CH, yields decreased and CO yields increased [242]. When Cu 
based alloys such as Cu-Ni, Cu-Sn, Cu-Pb, Cu-Zn, and Cu-Cd were 
employed, CO and HCOO™ were noticed as major products [202]. 
The surface alloying on Cu-Au electrodes severely suppressed 
the formation of hydrocarbons and alcohols, and increased the 
formation of CO. 


6.1.1. Effects of aqueous medium on CO> reduction reaction 

The understanding of the underlying reaction mechanisms 
in aqueous electrochemical CO, reduction reactions has been 
advanced by conducting numerous experiments in aqueous solu- 
tion [88]. However, liquid phase CO2 electrocatalytic reduction has 
been found to suffer from several serious problems such as 
(i) sluggish reaction kinetics (which leads to > 1.0 V (vs. NHE) 
overpotential and greatly increases the energy cost for electrolysis 
process); (ii) low selectivity of COz reduction (COz reduction and 
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Table 6 


current due to formation of product X 
total current measured 


Current efficiency x 100% 


Cathode Potential 
metal (V vs. SHE) 


Current efficiency (%) Electrolyte Reference 


Hə CH, CO HCOOH 
gas 

Cu (100) —1.39 10.3 19.8 1.9 11.7 01M [138] 
KHCO3 

Cu (111) —1.52 13.1 15.5 49 16.6 01M [138] 
KHCO; 

Cu -1.44 20.5 33.3 13 94 01M [357 
KHCO3 

In -216 13.2 na. 42 83.2 01M [231 
TEAP 

Sn -216 61.6 n.a. 42 37.6 01M [231 
TEAP 

Zn -216 352 na 16.8 53.4 01M [231 
TEAP 

Pb -1.63 50 00 0.0 97.4 01M [357 
KHCO; 

Au -114 10.2 0.0 871 07 01M [357 
KHCO3 

Ag ~1.37 124 00 815 08 01M [357 
KHCO; 

Zn 1.54 99 00 794 61 01M [357 
KHCO3 

Ni —1.48 88.9 1.8 0.0 12 01M [357 
KHCO; 

Fe —0.91 94.8 0.0 0.0 0.0 01M [357 
KHCO; 

Pt ~1.07 95.7 0.0 0.0 00 01M [357 
KHCO3 

Ti —1.60 99.7 0.0 Trace 0.0 01M [357 
KHCO; 

Pd —1.20 262 29 283 28 01M [357 
KHCO3 

Ga 1.24 79.0 0.0 232 00 01M [226 
KHCO3 

Cd —1.40 390 01 144 39.0 01M [226 
KHCO3 

Co —1.40 102.0 03 0.0 0.0 01M [226 
KHCO3 

Ru —1.40 111.0 0.0 0.0 0.0 01M [138] 
KHCO; 

Ir —1.40 99.0 01 0.0 00 01M [226 
KHCO3 

w —1.40 102.0 0.1 1.9 0.0 01M [226 
KHCO; 

Mo —1.40 103.0 0.0 0.0 0.0 01M [226 
KHCO; 

Ta —1.40 90.0 01 0.9 0.0 01M [226 
KHCO3 

v —1.40 86.0 0.1 11 0.0 01M [226 
KHCO; 

Pb —1.40 41.0 01 3.4 50.0 01M [226 
KHCO3 


HER are competitive reactions); (iii) Hz is inevitably a byproduct 
accompanying with CO, reduction in aqueous electrolyte; 
(iv) formation of various byproducts (they mainly remain in 
electrolyte solution, hence, the separation and recovery processes 
become expensive); (v) low solubility of CO2 in aqueous electrolyte 
(= 0.08 M) (high pressures are normally needed to increase CO3 
transport), deactivation of electrodes (the electrode catalysts lose 
their initial high activity and selectivity after a short period of 
operation); and (vi) low tolerance to impurities and contamina- 
tions (the surface contamination and non-pure electrolyte will 
often lead to low productivity and selectivity of hydrocarbon 
products; which are difficult to overcome), etc. [88]. 


6.1.2. Gas diffusion electrode (GDE) and solid polymer electrolyte 
(SPE) 

Gas diffusion electrodes (GDEs)/solid polymer electrolytes (SPEs) 
including cation exchange membrane (CEM) and anion exchange 
membrane (AEM) have solved certain problems associated with the 
liquid phase CO; electrocatalytic reduction reactions and improved 
the mass transfer of CO- [88,204,207,209,243,244]. GDE is a porous 
composite electrode normally used in fuel cells. GDE is usually 
composed of Teflon bonded catalyst particles and carbon black. SPE 
membrane with GDE is expected to provide improved gas phase 
electrolysis of CO2. Considerable improvements were noted when 
GDE/SPE-based electrodes were employed in place of several metal 
electrodes in the optimized conditions for electrocatalytic reduction 
of CO2. Among the various metal electrodes investigated for CO 
reduction reaction using GDEs, the Cu electrodes were found to be 
more efficient. Several metal oxides such as ZnO, ZrO2, TiO2, AlzO3 
and Nb203 have been employed as supports for Cu metal catalysts. 
The pure oxide supports exhibited very little activity for CO2 
reduction, and HER was the main reaction indicating that Cu is an 
essential element for reducing CO3. Cu up to 5 wt% exhibited very 
little activity for the CO2 reduction, but when it was 50 wt% 
produced about 44% HCOOH and 4.4% CO. Thus, based on these 
results it can be concluded that GDEs are advantageous for these 
electrochemical CO, reduction reactions. The gaseous products 
noted in these reactions were mainly CO, methane and ethylene, 
whereas the liquid product was only formic acid. 


6.1.3. Effects of room temperature ionic liquids (RTILs) over 
electrochemical reduction of CO2 

Recently, the Department of Energy (DOE), USA, has concluded 
that the major obstacle that is preventing efficient conversion of 
CO, into energy-bearing products is the lack of efficient catalysts 
[94,233]. Hence, DOE has called for research that investigates 
systems to reduce the overpotential of CO, conversion while 
maintaining high current efficiencies. The large overpotentials 
associated with electrochemical CO» reduction reactions have 
been identified to be due to the formation of a high energy 
intermediate CO `~ with a standard redox potential of — 1.3 V 
vs. NHE. A room temperature ionic liquid (RTIL) comprising 
1-ethyl-3-methylimidazolium — tetrafluoroborate (EMIM-BF3) 
(Eq. (26)) has been found to reduce the overpotential associated 
with the formation of CO2° ~ intermediate [94]. In this case, first, 
EMIM-BF, RTIL appears to convert CO into CO2°~ intermediate, 
which is then catalyzed over a transition metal cathode to form 
useful products such as CO. Furthermore, in this process, CO was 
formed at —250 mV overpotential vs. NHE in comparison to 
—800 mV in the absence of EMIM-BF, RTIL. These results indicate 
that CO» conversion to CO can occur without the large energy loss 
associated with a high overpotential 


Like strong acids, such as H2SO4, HNO3, and HCl, RTILs also 
completely dissociate into ions and are not diluted by any bulk 
solvent. Further, because of their poor vapor pressures at room 
temperature unlike acids like HCl, RTILs are thermally and elec- 
trically quite stable. Further, these RTILs consist of a bulky organic 
cation (e.g. imidazole) and an organic/inorganic anion (e.g. tratra- 
fluoroborate, hexafluorophosphate). Owing to their poor coordi- 
nating nature, they are highly polar solvents without coordinating 
strongly to solutes. Besides, due to their low volatile nature, these 
RTILs are also environmentally friendly unlike organic solvents 
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with significant vapor pressures, and RTILs also do not need 
any supporting electrolyte in electrochemical cells as they can 
bear 3-6 V charge [94]. 

High overpotentials are mainly responsible for not able to 
convert CO, into potential liquid fuels economically so that they 
can be employed in the present energy distributing infrastructure 
in place of fossil fuels. Furthermore, the overpotentials associated 
with CO, conversion in aqueous environments are partly due to its 
competition with HER. However, even when metals with high 
overpotentials towards HER are employed, there has been a 
considerable amount of overpotential for CO2 conversion. This 
overpotential has been found to be due to the formation of 
reaction intermediates. The rate-limiting step in CO2 reduction 
process has been determined to be the formation of a high energy 
CO2°~ radical anion intermediate. This high-energy intermediate 
radical anion presents a large barrier towards the DOE's goal of 
CO, conversion at low overpotentials. The formation of CO, ~ 
radical anion in aqueous solvents needs energy between — 1.85 V 
and — 1.90 V vs. NHE. Interestingly, owing to their ionic character- 
istics, RTILs stabilize the intermediate CO2'~ in situ during CO2 
reduction reaction by columbic complexation. This stabilization 
considerably lowers the electrode potential required for CO, 
reduction [94]. The activation energy (overpotential) needed to 
form the EMIM*-CO, ~ intermediate has been found to be very 
low when compared with the one required to form CO2` ~ without 
stabilization by RTIL. Fig. 9 shows the overpotential reduction due 
to the involvement of RTIL [94]. In the presence of EMIM*-BF,~, 
CO, reduction starts at as low as — 250 mV vs. NHE as RTIL reduces 
about 80% of overpotential required for CO, reduction. Fig. 10 
shows the calculated Faradaic efficiency of RTIL involved process 
with other processes reported in the literature for CO, reduction 
over a period of 10 years [94]. As COz cannot survive in basic 
solution, neutral to slightly acidic media is employed for electro- 
chemical reduction of CO. The HER is a strong function of pH and 
with increase of pH, the equilibrium potential towards this latter 
reaction decreases. Though CO, reduction produces hydroxide 
anions, its equilibrium potential is not much influenced by the 
PH in comparison to HER. Hence, under slightly acidic conditions, 
the HER is a thermodynamically preferred reaction in comparison 
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Fig. 9. Hypothesis for how and ionic liquid or amine could lower the overpotential 
for the CO reduction [94]. 


to the reduction of CO3. In aqueous medium, all the CO, reduction 
reactions lead to the formation of hydroxide ion. Due to hydroxide 
ions’ formation, the pH near to the surface of the electrode is 
different from the equilibrium value as the rate of neutralization 
between the hydroxide anion and CO2 is considerably slow in 
aqueous solution under ambient conditions [245]. Thus, the pH 
near the electrode surface is higher when compared with the rest 
of the solution pH. As high pH conditions do not favor CO, 
reduction, its reduction process is severely affected with reaction 
time. For this reason, electrolytes such as KHCO3 or K2HPO; are 
normally employed for COz reduction reactions as they supply 
anions with buffering action, and can serve to diminish the pH 
changes occurred during reaction at the electrode surface. The 
reactions that normally take place due to surface neutralization of 
the hydroxide anion through these buffer solutions are shown in 
Eqs. (27) and (28) [94]. Certain salts such as KCl, NaClOy, and 
K2SO4, which do not have the ability to release protons, are not 
preferred as supporting electrolytes for electrochemical CO, 
reduction reaction in aqueous medium. It can be inferred from 


I. Ganesh / Renewable and Sustainable Energy Reviews 31 (2014) 221-257 237 


380% 


Buc 


$ Everyone else | 


70% 


60% 


Overpotenrtial, Volts 


30% 


20% 


10% 
2000 2005 2010 


YEAR 


Fig. 10. Comparison of over-potential and Faradaic efficiency between this study 
and previous works [94]. 


these results that EMIM-BF, has several useful characteristics for 
reducing CO; at relatively less negative potentials and low tem- 
peratures in nonaqueous medium such as acetonitrile [94] 


OH~ +HCO?~ +H20+C037~ (27) 
OH- +HPO,?~ +H ,0+P0,?~ (28) 


6.1.4. Effect of chemical modification on the efficiency of metal 
cathodes 

In electrolytic CO reduction reactions over Pd, Pt or Hg 
electrodes, the reduction of CO2 is mainly restricted to only 
HCOOH or CO [92]. These metal electrodes exhibited Faradaic 
efficiencies of about 50% and at times nearly 100%. In a process 
patented in USA [211], Mo metal was employed as a cathode to 
reduce CO, to CH30H with high selectively and about 80-100% 
Faradaic efficiency. Reductions occurred at —0.7 V vs. saturated 
calomel electrode (SCE) at pH 4.2, only 160 mV negative of the 
standard reduction potential corrected for pH. These electro- 
chemical experiments were conducted using CO, gas circulated 
in a closed system [219]. Tables 7 and 8 show the Faradaic 
efficiencies for the electrochemical CO, reduction reactions 
conducted under the saturated aqueous solution of 0.2M 
Na2SO4 (pH 4.2) or 0.05 M H2S0;, (pH 1.5) with an HCl or a 
KOH/HF pre-treated Mo electrode, respectively [211]. The Far- 
adaic efficiency for methanol formation is as high as 85%. The 
noted Faradaic efficiency for CO was <5% means > 95% is 
methanol formation. The KOH/HF pre-treated electrodes pro- 
vided < 3% Faradaic efficiency for CO formation. In contrast to 
Ru electrodes [220], the efficiency and product distribution on 
Mo cathode did not change much with the solution temperature 
even when raised to 52°C. The formation of CH, in these 
reactions was noted only in trace amounts. The lack of Faradaic 


Table 7 
Faradaic efficiencies for CH4, CO, and CH30H formation on HCI pre-treated 
molybdenum electrode [211]°. 


Electrolyte Temp. E (V vs. P Q Efficiency" 
(°C) SCE) (wAcm~?) (coul.) 

CH, CO CHOH 
0.2M 22 —0.70 26 11.8 2 21 42 
Na2SO4 
0.2M 22 —0.80 50 8.5 ND 3 55 
Na2SO,4 
0.05 M 22 —0.57 100 50 3 15 23 
H2SO4 
0.05 M 22 — 0.68 550 86 015 O11 37 
H2SO,4 
0.05 M 22 — 0.68 310 18.7 ND 0.2 46 
H2SO4 
0.05 M 52 — 0.60 590 87.6 ND 05 21 
H2S04 


* All controlled potential electrolysis in CO2 saturated solutions. 
> Average current density. 
€ % Faradaic efficiency. 


Table 8 
Faradaic efficiencies for CO and CH30H formation on KOH/HF pre-treated molyb- 
denum electrode [211]°. 


Trial Time (h) E (V vs. SCE) J? (pAcm™?) Q(coul.) Efficiency“ 
co CH30H 
18 46.9 —0.52 to —1.1 100 16.9 0.3 77 
2A 23.3 —0.8 120 13.9 NDE 84 
2B° 723 —0.8 57 21.5 04 36 
3A 43.4 —0.8 61 27.5 NDE 45 
3B 69.8 —0.8 33 24.4 ND® 15 


* All in COz saturated 0.2 M NazSO, solution at 22 °C. 

> Average current density. 

€ % Faradaic efficiency. 

4 Controlled current electrolysis. 

€ 2B is a continuation of 2A after sampling. Numbers for 2B do not include 
electrolysis before sampling. 

f 3B represents the electrolysis of a fresh solution with the electrode used in 
3A without pretreatment. Number for 3B do not include electrolysis before 
sampling. 

® ND, not detected. 


balance for these reactions has been attributed to HER as Hz gas 
formed could not be detected by the flame ionization detector 
(FID) fixed in the gas chromatography (GC) employed for 
products analysis. The standard potential for reduction of CO3 
to methanol is — 0.536 V vs. SCE at pH 1. Thus, the reduction of 
CO» to methanol is only 160 and 190 mV negative of the 
standard potential for pH's 4.2 and 1.5, respectively. Table 8 
also shows the results for two extended electrolysis experi- 
ments conducted in 0.2 M Na2SO, at pH 4.2 [211]. It can be seen 
that the electrode that had passed 14C over the period of 1 day 
produced methanol with a Faradaic efficiency of 84%. After 
another 2 days of continuous operation with another 22C 
passed, the methanol efficiency was dropped to 36% but its 
production did not come to a halt. The changes in the electrode 
surface during reactions have been suggested to be responsible 
for drop in the efficiency for this methanol formation reaction. 
This drop in efficiencies has been attributed to the deposition of 
impurities, such as Hg or As, on the electrode surface during 
reaction from the electrolyte [211]. 


6.1.5. Effect of molecular catalysts on the efficiency of metal cathodes 
Everitt's salt (ES), K2Fe"[Fe"(CN),.], in the presence of various 
metal complexes and a primary alcohol was employed as an electron 
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Fig. 11. Electron mediation process, where M, an homogeneous catalyst; 
X, oxidized mediator; Y, reduced mediator; M, Ox and M-Red, intermediates 
[246-248]. 


mediator to reduce CO2 into methanol (Fig. 11) [246-248]. 
The reaction of CO, reduction into methanol in the presence of ES 
is shown in the following equation: 


CO + 6K Fe"[Fe!(CN)¢]-+ 6H * SCH30H + 6KFe"[Fe!!(CN)¢]-+ 
6K* +H20 (29) 


The activation energies for methanol formation were estimated to 
be 5.8-10.6 kcal mol~!, which are almost double in comparison to 
those determined for reduction of CO under identical experimental 
conditions employed. The IR spectra of the employed metal complex 
catalysts indicated that the reduction of CO, proceeds via a formate- 
type intermediate. The mechanism is more dominated by the inser- 
tion of CO into M (central metal)—-OR (primary alcohol) bond. The 
metal complexes employed were diaquabis(oxalato)chromate(III), K 
[Cr(Co04)2(H20)2], aquapentachlorochromate(II), Na3[Fe(CN)s(H20)], 
aquapentachlorochromate(III), [NH4]2[CrCl;(H20)], and bis-(4,5-dihy- 
droxybenzene-1,3-disulphonato)ferrate(III), [Fe{CgH2(OH)2(SO3)2}2]~. 
The primary alcohol employed was either methanol or ethanol. 
Prussian blue (PB), KFe""[Fe!(CN)g], was first electrodeposited onto a 
platinum plate from a mixed solution of 0.01 M (mol dmm?) FeCl; 
and 0.01 M K3Fe(CN)¢ and was reduced to ES [249]. The average 
amount of the ES salt film deposited was estimated to be about 
2.7 x 1077 mol cm~?. The formation of CH3OH in these experiments 
was determined by both gas and steam chromatographic methods. 
The steam chromatograph employs steam as the carrier gas with a 
flame ionization detector and a Poropak R column, and the aqueous 
sample was analyzed without any pretreatment. Fig. 12 shows 
the steam chromatograms of the catalyst solutions containing the 
[Fe{CgH2(OH)2(SO3)2}2]~ complex and ethanol [250]. Curve (a) is 
obtained before electrolysis, and (b) and (c) are after electrolysis for 
3 and 6h, respectively. In all curves, the peak at 7.6 min is due to 
ethanol that was added initially as a primary alcohol as a part of the 
catalytic system. In curves (b) and (c), two additional peaks appeared 
at 3.3 and 3.7 min. The first one is due to acetaldehyde produced by 
electrooxidation of ethanol in the anodic compartment that could be 
leaked to the test cell through the fine frit employed to separate two 
compartments, and the second peak is due to methanol, whose peak 
height after electrolysis for 6 h has been estimated to be equivalent to 
2.3 pmol dm~”. This result confirms that CO, can be reduced to 
methanol. Furthermore, this reaction can also be converted into a 
continuous process if the PB formed from ES during CO2 reduction 
into methanol is continuously reduced back to ES by continuous 
supply of electricity [246,247,250-263]. Reaction shown in Eq. (29) 
was found to take place when the electrode potential was polarized in 
such way that the PB film undergoes reduction to ES [ < +0.15 V vs. 
SCE]. As discussed in previous sections, the direct electrochemical 
reduction of CO, at a metal electrode surface requires a large over- 
potential (about — 2.0 V vs. SCE), and hence reaction (Eq. (29)) results 
in a considerably lowering of the overpotential for the reduction of 
CO». Although yield of methanol in the CO, conversion was found to 


Arbitrary units 


is} 2 4 6 8 10 
t/min 


Fig. 12. Steam chromatograms of the catalyst solutions (0.1 mol dm~? KCI, pH 3.5, 
40°C) containing 4 mmol dm~? Fe™ - 8 mmol dm~?CgH2(OH)2(SO3)2?2~ and 
20 mmol dm~? ethanol before (a) and after electrolysis for 3 (b) and 6h (c) at 
—1.0 V vs. SCE [250]. 


be very low for the catalyst solution containing ethanol, but it 
confirms the formation of methanol from CO . Nevertheless, when 
ethanol was replaced with methanol, much improved conversions 
were noted [246,247,250-263]. 

Fig. 13 shows that the formation of methanol has a linear 
relationship with reaction time [250]. At longer electrolysis times 
and higher temperatures, the lines become curved and this was due 
to the exhaustion of the reactant CO, and also due to the leakage of 
methanol formed from the reaction compartment. It was confirmed 
by FT-IR and cyclic voltammetry studies that the conversion of CO2 
into methanol takes place via a formate-type intermediate forma- 
tion, and the metal complex operating as the catalyst suffered no 
degradation during electrolysis [246,247,250-263]. 

Scheme 9 shows a most probable underlying mechanism in this 
reaction [246-248]. A coordination bond is first formed between a 
central metal atom and a primary alcohol, and then CO; is inserted 
into this bond to form a formate-type intermediate. Finally, 
methanol and the initial complex are formed back by the reaction 
with ES. Furthermore, the current-potential studies also con- 
firmed the formation of intermediates shown in Scheme 9 [261]. 
When experiments were conducted using either only pure aqu- 
eous 0.1 M KCI solution or the aqueous 0.1 M KCI solution contain- 
ing methanol as an electrolyte, the formation of only HCOOH was 
noted. Eqs. (30) and (31) show the underlying mechanisms 
involved in these latter two different experimental conditions, 
respectively: 
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o 
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voll e | 2Ht+2e° 
| p ——»> C—0H ————> HCOOH + H,O 
6-O----HO+ 


OH 


ol oP on, | 


O-O----HO+ 


2H*+2e 
——> C— OCH; ——————» HCOOH + CH;0H 


OH 


In the presence of only KCI electrolyte, CO2 dissolves as carbonic 
acid, and gets reduced to HCOOH electrochemically, whereas in the 
case of KCI and methanol mixture, both mechanisms shown in Eqs. 
(30) and (31) were found to occur simultaneously, and the propor- 
tion of the occurrence was found to be a function of the concentra- 
tion of added methanol. However, when a mixture of KCI, methanol 
and metal complex were employed as an electrolyte, methanol was 
identified as the sole reduction product. These results suggest that 
the simultaneous existence of a metal complex and methanol is 
indispensable for the reduction of CO into methanol. Not only this, 
even the required electrons for CO, reduction must also be supplied 
from ES-modified electrode. In this latter case, the reduction of CO2 
occurs in concurrence with the oxidation of ES to PB. Furthermore, 
PB can be re-reduced electrochemically to ES, which operates as a 
mediator. Furthermore, in these latter reaction conditions, the metal 
complex must be involved as shown in the following equation: 


L—M-----O 
| ey 


| 5+¢.---0° cn, | 


0-Q----HO+ 


From this study it can be concluded that CO, could be reduced 
to methanol using ES in the presence of a primary alcohol and a 
metal complex. 

CO, has also been reduced to methanol using pyridine solution 
as a selective molecular organic catalyst in aqueous electrolyte 
solution over the surface of a hydrogenated Pd cathode [264]. In 
these latter experimental conditions, the formation of methanol 
was observed in aqueous electrolyte at electrode potentials, which 
fall within a few hundred millivolts of the standard redox 
potential. The aqueous 0.5 M KCI electrolyte with 10 mM N-methyl 
pyridinium ion was found to be an effective electrolyte [265]. In 
this study, Pd in the form of a rod and foil was employed as an 
electrode and a two compartment cell was employed to assure 
similar CO, pressures in both electrolyte compartments connected 
by an aqueous bridge containing the supporting electrolyte and 
terminated (on both sides) with a fine glass frit. A Pt foil was 
employed as the counter-electrode. Galvanostatic electrolytes 
were run employing current densities of about 30-50 A/cm’. 
The pH of the electrolyte solution was maintained at 5.0 by 
pumping CO>. The cyclic voltammetry study revealed that pyridine 
exhibits its catalytic activity only at pH<5.4as its pKa value is 
5.25. At pH >/7, pyridine did not reveal any cyclic voltammetric 
features, which indicates that the electroactive species are the 


(30) 


(31) 


protonated pyridinium cations. Furthermore, even in the absence 
of CO2, pyridinium underwent reduction via an irreversible 
mechanism. Under aqueous conditions, reduction of pyridinium 
ions was found to be coupled via an electrocatalytic mechanism to 
the reduction of H* to Hə as illustrated in Scheme 10 [266]. 
Pyridine has also been employed in several studies to reduce CO3 
to methanol at a variety of electrodes including Pd, in both 
aqueous and nonaqueous electrolytes [267]. In strongly acidic 
aqueous electrolyte conditions, pyridine was found to undergo 
reduction to piperidine at a Pd electrode [266]. According to the 
mechanism shown in Scheme 10, the dissolved CO, is reduced by 
species I to generate pyridine and reduced CO2 product(s). Cyclic 
voltammetry study also indicated that CO, reduction takes place at 
ca. —0.55V vs. SCE onset current. This corresponds to the 
thermodynamic potential for methanol formation at pH 5.4 
(0.52 V vs. SCE) [80]. In this process, upon electrolysis for 19 h at 


| (32) 


Se co ————> |—-----+2 CHOH + H,O 


ca. 40 A/cm? under galvanostatic conditions, the electrode poten- 
tial has not been observed to increase more than ca. 200 mV 
beyond the calculated methanol/COz redox potential, which indi- 
cates the requirement of a very low (few hundred millivolts) 
overpotential. Furthermore, the H atom bonded to the nitrogen 
site in the reduced pyridinium species has been found to be a 
transferable reducing agent as no methanol formation was 
observed when N-methyl pyridinium ion was substituted in place 
of pyridinium ion during electrolysis for 50h period. This study 
suggests that the Pd| pyridinium ion interface is the catalytic site 
for the relatively selective catalytic reduction of CO2 into methanol 
with electrochemical yields in the range of 20-30% [264]. 


6.2. Metal oxides and doped-metal oxides as cathode materials 


The CO» underwent electrochemical reduction into HCOOH and 
methanol with efficiencies of 40 and 7.7%, respectively, in acidic and 
neutral media over the surface of the RuO -coated boron-doped 
diamond electrode [237]. When the boron-doped diamond substrate 
was replaced with Ti metal substrate for RuO2 catalytic film electrode 
under identical conditions, an improved Faradaic efficiency for 
methanol formation was also noted [236]. The presence of TiO on 
Ti support together with RuO, has been found to be responsible for 


240 I. Ganesh / Renewable and Sustainable Energy Reviews 31 (2014) 221-257 


03 


o 
ny 


(Methanol) J/mmol dm? 
Oo 


tih 


Fig. 13. Methanol formation as a function of time in a solution with 20 mmol dm~? 


methanol and 5 mmol dm~? pentacyanoferrate. Electrolysis potential, — 0.9 V vs. 
SCE.; pH 3.5. Temperature: 20 (¢), 30 (°), 40 (A), and 50 °C (9) [250]. 
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Scheme 9. Proposed reaction mechanism [246-248]. 


the formation of enhanced methanol in this latter process [235,268]. 
Current-voltage curves at pH=4-7 showed a current-limiting beha- 
vior at small overpotentials for HER. The kinetic studies revealed that 
the surface recombination of adsorbed Hz with CO, could be the rate- 
limiting step in these reactions. The CO2 also underwent reduction to 
methanol and formic acid at relatively lower overpotentials over the 
surfaces of mixed oxides of RuO2, TiO2, Co304, MoO», Rh2O3, and SnOz 
[235]. In these studies, the CO, reduction was found to occur before 
the onset potential of HER. At low current densities (~ 50-100 [1A/ 
cm7), when the electrodes were polarized near the H20 reduction 
potential, a relatively higher current efficiency for methanol formation 
on mixtures of RuO2+TiO2 (35+ 65 m/o) and RuO2+Co304+Sn02+ 
TiO (20+10+8-+62 m/o) is noted. For various oxides, the Tafel 
slopes found between 180 and 240 mV in 0.05 M H2504. The current 
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Scheme 10. Pyridine catalyzed electrochemical reduction of CO, over the surface 
of hydrogenated Pd electrode in aqueous 0.5 M KCI solution (below pH=5.5) [266]. 


efficiency for methanol dropped quickly with overpotential. The 
electrodes showed high stability against longtime polarization. When 
CO2 was subjected to electrochemical reduction in 0.5 M NaHCO; 
solution in a two-compartment H-type electrochemical cell over the 
surface of Pt modified with RuO2/TiOz NPs, the formation of methanol 
with a Faradaic efficiency from 40.2 to 60.5% was noted at — 0.8 V vs. 
SCE [238]. The prolonged potentiostatic electrolysis of CO, resulted in 
the formation of methanol under low overpotentials. In comparison to 
both RuO,z and RuO,/TiO, nanoparticles (NPs) composite electrodes, 
the RuO2/TiO2 NTs composite modified Pt electrode provided higher 
electrocatalytic activity for the electrochemical reduction of CO to 
methanol. The CO also underwent electrochemical reduction to 
methanol and acetone over the surfaces of Ru, RuOz and RuO,+ IrO, 
electrodes, and noted current efficiencies up to 15.3-38.2% the 
formation of methanol over these latter electrode materials [236]. 
The formation of methanol in electrochemical COz reduction reac- 
tion over the surface of Cu oxides, specifically Cu(I), and Cu based 
ZnO (10-10) was also noted [95]. The methanol yields were found to 
be directly related to Cu(I) intensities over the oxidized Cu electro- 
des. Nevertheless, the formation of methanol was found to be stable 
over Cu and Cu oxides supported on ZnO electrodes for longer 
reaction time and these electrodes were also found to be reusable. 
The methanol yields and Faradaic efficiencies observed at cuprous 
oxide electrodes were found to be remarkably high when compared 
with those found on air-oxidized or anodized Cu electrodes 
suggesting Cu(I) species play a critical role in the selectivity to 
methanol formation [95]. 

Based on the above discussed electrochemical CO reduction 
studies, the following conclusions can be drawn: 


(i) Although CO, could be reduced into methanol and methane 
in electrochemical cells with considerably high product yields, 
the involved overpotentials are high. These high overpoten- 
tials lead to energy inefficient processes that offer little or no 
advantage since the quantity of fuel consumed during the 
products formation is higher than the fuel value of the formed 
products. 

(ii) The electrodes that could reduced CO, electrochemically into 
methanol and CH, in an aqueous medium are certain metals 
(Ru [220], Mo [221] and Cu [200,201,221]), mixed transition 
metal oxides [200,201,221,235,268,269] and the illuminated 
p- and n-type GaP semiconducting electrodes [231]. 

(iii) In aqueous solutions, CO, reduction is always in competition 
with HER. This often led to low product and electrochemical 
yields. Several approaches such as the use of redox active 
enzymes [270,271], molecular redox mediators (methyl viologen 
polymer) [272], Prussian-blue modified electrodes [261], and 
polypyridyl transition metal complexes [273-276] have been 
employed to overcome the limitations posed by high over- 
potentials. Although some of these approaches could accelerate 
the rate of CO» reduction in comparison to HER, the problem of 
high overpotential still remains. Hence, although product yields 
were found to be high, their corresponding electrochemical 
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efficiency was found to be always extremely low. Typically, 
schemes which rely on the presence of mediators have built-in 
high overpotentials, as most known mediators have redox 
potentials which are substantially (typically >1V vs. NHE) 
negative of the CO, reduction potential. 

(iv) The reduction of CO2 to hydrogenated organic products in 
aqueous solution is believed to proceed by the indirect 
chemical reduction of CO with adsorbed Hz atoms formed 
by the electrochemical reduction of protons [277,278]. There- 
fore, the efficient reduction of CO, calls for designing a system 
wherein specific poisoning of the electrode material toward 
HER is coupled with the catalytic reduction of the CO>. 

(v) Pyridinium ion molecular catalysts appear to solve these 
overpotential problems to some extent [267]. 


7. Photoelectrochemical reduction of CO, into methanol 


In photoelectrochemical (PEC) cells, the semiconductor elec- 
trode immersed in the electrolyte is connected through an 
external circuit to a counter electrode. When this semiconductor 
electrode is illuminated by any light that is having energy higher 
than the band-gap of this semiconductor, its electrons excite from 
the valance band to conduction band, and reach cathode counter 
electrode through an external wire. Furthermore, the electron- 
hole pairs thus formed are spatially separated by the semiconduc- 
tor junction barrier, and are injected into the electrolyte at the 
respective electrodes to produce electrochemical oxidation and 
reduction reactions [211,279-283]. As of now, not even single 
semiconducting material has been identified which can be 
employed as a photoelectrode to split water into hydrogen and 
oxygen gases or reduce CO, into methanol using exclusively solar 
energy in an aqueous based PEC cell with desired stability and 
efficiency [284-293]. In fact, photoreduction of CO z requires a 
thermodynamic energy input of about 1.5 eV. However, it needs 
greater energy input to make up losses due to band bending 
(necessary in order to separate charge at the semiconductor 
surface), resistance losses, and overvoltage potentials [211,279- 
283]. When a semiconductor is placed in an electrolyte, partial 
differences between the two phases result in charging of the 
interface. This charging results in a perturbation of the energy 
levels of the semiconductor called “band-bending”. Band bending 
is responsible for separation of electron-hole pairs in PEC reac- 
tions. Recombination and corrosion processes decrease the utiliza- 
tion of the electron hole pairs generated on illumination. 
Furthermore, photoelectrolysis of water is a part of PEC CO, 
reduction in aqueous based PEC cells. However, photoelectrolysis 
of H20 with high efficiency is difficult to achieve in PEC cells. This 
is due to the fact that the overvoltages associated with H3 and 
oxygen formation at most moderate band-gap (1.0 < Eş < 2.0 eV) 
semiconductors are very high and if electron or hole transfer to the 
substrate does not occur rapidly, recombination of electron-hole 
pairs take place at surface defects or grain boundaries in poly- 
crystalline semiconductors [211,279-283]. Although the electro- 
lyte-semiconductor interface has excellent characteristics for 
separation of charge and for generation of high oxidation or 
reduction potentials when irradiated, it often has very poor 
catalytic properties for reactions with significant activation ener- 
gies. H20 is particularly an attractive source of H2 for the reduction 
of CO, as well as for the direct generation of H2. H20 can only be 
used, however, if the semiconductor electrodes are stable in its 
presence. PEC production of energy-rich chemicals (for e.g., H2, 
CH30H, CH20, CH202, and NH3) is always associated with O3 
evolution [211,279-283]. A major impediment to the exploitation 
of PEC cells in solar energy conversion and storage is the suscept- 
ibility of small band-gap semiconductor materials to photoanodic 


and photocathodic degradation. The photo-instability is particu- 
larly severe for n-type semiconductors where the photogenerated 
holes, which reach the interface, can oxidize the semiconductor 
material itself. In fact, many of the semiconducting materials are 
predicted to exhibit thermodynamic instability toward anodic 
photodegradation. Whether a photoelectrode is stable or not 
depends on the competitive rates of the thermodynamically 
possible reactions such as the semiconductor decomposition 
reaction and the electrolyte reactions. 


7.1. Passivation of semiconducting materials against photocorrosion 


The p-GaP being a non-oxide ceramic it is not very stable 
against photocorrosion. A major problem in photoelectrochemistry 
is that the oxidation of H20 at the photoanode of non-oxide n-type 
materials, which is thermodynamically and kinetically disfavored 
over the reaction of the valence band holes with the semiconduc- 
tor lattice. In fact, all known non-oxide and many oxide n-type 
photoanodes are susceptible to photodegradation in aqueous 
electrolytes [211,279-283]. In certain instances, the surfaces of 
semiconductors are coated with non-corroding layers of metals 
and with the relatively stable semi-conductor films to arrest the 
corrosion problems. These continuous metal films which block 
solvent penetration can protect n-type GaP electrodes from 
photocorrosion. However, if the films are too thick for the photo- 
generated holes to penetrate without being scattered, they assume 
the Fermi energy of the metal. Then the system is equivalent to a 
metal electrolysis electrode in series with a metal-semi-conductor 
Schottky barrier. In such a system, the metal-semiconductor 
junction controls the photovolatge but not the electrolytic reac- 
tions. In general, a bias potential is required to drive the H30 
oxidation in a PEC conversion of CO, into methanol in aqueous 
electrolytes. In other cases, the metal can form an Ohmic contact 
that leads to the loss of the photoactivity of the semiconductor. In 
discontinuous metal coatings, the electrolyte contacts the semi- 
conductor, a situation, which can lead to photocorrosion. For 
example, discontinuous gold films do not seem to protect n-type 
GaP from photocorrosion [211,279-283]. Corrosion-resistant wide 
band-gap oxide semiconductor (TiO and titanates mostly) coat- 
ings over narrow band-gap n-type semiconductors such as GaAs, 
Si, CdS, GaP, and InP have been shown to impart protection from 
photodecomposition. However, a thick film blocks charge trans- 
mission, or a thin film still allows photocorrosion [211,279-283]. 


7.2. The electroactive and the charge conductive polymers 


The chemical bonding of electroactive polymers to the semi- 
conductor surface affects the interfacial charge-transfer kinetics 
such that the less thermodynamically favored redox reaction in 
the electrolyte predominates over the thermodynamically favored 
semiconductor decomposition reaction [282,283]. P-type semi- 
conductors are relatively more stable against photocorrosion in 
comparison to n-type semiconductors. Furthermore, overvoltage 
for the evolution of H2 from p-type electrode surfaces is quite 
large. It has been demonstrated, however, that the catalytic 
property of a p-type Si photocathode is enhanced for H3 evolution 
when a viologen derivative is chemically bonded to the electrode 
surface and Pt particles are dispersed within the polymer matrix 
[282,283]. The N,N'-dimethyl, 4,4’-bipyridinium (methyl viologen, 
MV +?) mediates the transfer of the photogenerated electron to H+ 
by the Pt to form Hb. A thin Pt coating directly on p-type Si surface 
also improves the catalytic performance of the electrode. Charge 
conduction is generally much higher in electrically conductive 
polymers than in typical electroactive polymers [211,279-283]. 
The charge conductive polymers are also employed to protect 
electrodes against photodegradation in electricity-generating cells. 
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Charge conductive polymers transmit photogenerated holes in the 
semiconductor to oxidizable species in the electrolyte at much 
higher rate than the thermodynamically favored rate of decom- 
position of the electrode. In another study, n-type Si semiconduc- 
tor photoelectrode was coated with charge conducting polypyrrole 
and found much improved stability against surface oxidation in 
electricity-generating cells [211,279-283]. The n-type GaAs has 
also been coated with polypyrrole to reduce photodecomposition 
in electricity-generating cells, although the polymer exhibited 
poor adhesion in aqueous electrolyte [211,279-283]. Although 
polypyrrole has suppressed the photodecomposition of n-type Si, 
it is not known whether these polymers can be used in conjunc- 
tion with catalysts. Metal electrode surfaces were also modified 
with methyl viologen, MV*?, a potential electron mediator to 
enhance rates of PEC reactions and to suppress photocorrosion and 
recombination [280]. An improved H2 evolution was noted in the 
presence of MV+?. The MV+?/Mv*! system provides either an 
oxidized material, which is efficiently photoreduced, or a reduc- 
tion product, which can efficiently transfer electrons to H20 or Ht 
ions at metal (Pt) catalysts to produce H> (Eq. (33)). On the surface 
of p-type semiconductor the reaction shown in Eq. (34) is 
expected. However, solutions of methyl viologen absorb visible 
light very intensively by the MV*! species even if it is in low 
concentrations: 


hv, 
mMv+2=3mvt! (33) 
Mv+!+H,0 > Mv+2+0H- +o (34) 


7.3. Transition metal complexes as CO reduction catalysts 


Transition-metal complexes have been employed as photoche- 
mical and thermal catalysts because they can absorb a significant 
portion of the solar spectrum, have long-lived excited states, 
promote multi-electron transfer, and also activate small molecules 
through binding [279]. In transition-metal complexes, a central 
metal has octahedral, tetrahedral, square planar, square—pyrami- 
dal, or trigonal-pyramidal symmetry depending on the surround- 
ing ligands. Reduced metal centers such as MIL, in which the 
oxidation number of the central metal (M) is plus one, and the 
ligand (L) possess four-coordinating atoms with typically one or 
more vacant coordinate sites. These sites can be used to bind and 
activate CO2 (or other small molecules). The CO2 moiety is 
stabilized through two-electron transfer upon oxidative addition 
of CO, to M'L to form a metallocarboxylate, M''L(CO,?~ ). The M™L 
(CO2?7) can then react with H* to form M""L, CO and OH~. The 
systems in which transition metal complexes are employed for 
photochemical reduction of CO» can be divided into the following 
six categories: 


(i) Ru(bpy)32* (bpy - 2,2’-bipyridyl) as both the photosensitizer 
and the catalyst; 

(ii) Ru(bpy)32* as the photosensitizer and another metal complex 
as the catalyst; 

(iii) ReX(CO)3(bpy) (X=halide or phosphine-type ligand) or a 
similar complex as both the photosensitizer and the catalyst; 
(iv) Ru(bpy)37* or Ru(bpy)32*-type complex as the photosensiti- 
zer in microheterogeneous systems; 

(v) a metallophorphirin as both the photosensitizer and the 
catalyst; 

(vi) organic photosensitizers with transition-metal complexes as 
catalysts. 


The Co (Il) and Ni (II) complexes containing macrocyclic 
tetradentate nitrogen donor ligands have been employed for 


photocatalytic formation of H2 linked to CO2 reduction [294]. 
The [LM"]?+ (M=Co, Ni) complex employed has served as the 
redox shuttle as well as the catalyst in the presence of a 
Ru"(bpy)37* photosensitizer and a sacrificial electron donor (an 
ascorbate). This reaction was found to be highly efficient and 
selective in contrast to certain PEC reactions [295]. Mechanisms 
believed to be involved in PEC systems containing transition-metal 
complexes are the following: 


(i) light absorption by a photosensitizer to produce the excited state; 
(ii) a quenching reaction between the excited state and an 
electron donor to produce a reduced complex; 
(iii) electron transfer from the reduced complex to a catalyst; 
(iv) activation of CO, by the reduced catalyst. 


Nevertheless, the major products formed in the above dis- 
cussed processes are mainly HCOOH and CO but not methanol 
[279,280]. 


7.4. Non-oxide p-type semiconductors as cathode materials 


In 1978, for the first time a photoelectrode made of a single 
crystal p-gallium phosphide (p-GaP) was employed in a PEC cell 
for converting CO, into formic acid, formaldehyde and methanol 
[231]. Unlike the reduction of CO2 on metal cathodes, which stops 
essentially after two electron transfer because of high overpoten- 
tial associated with formic acid reduction, the photoelectrolysis on 
p-GaP proceeds further to yield formaldehyde and methanol. After 
90h of irradiation, the concentrations of formic acid, formalde- 
hyde and methanol formed were estimated to be 5 x 107? M, 2.8 
x 10°4M, and 8.1 x 10~*M, respectively. In this process, the 
efficiency of the system was calculated using the formula sug- 
gested by Arthur J. Nozik [284-293] and by Tomkiewicz and 
Woodall [296]. Optical conversion efficiency is nothing but the 
efficiency of conversion of radiant energy into the chemical 
energy. Optical conversion efficiency is equal to 1001. [(AH/Z)— 
Val/Ia); where I, is the current density (mAcm~?); Ia is the 
incident light intensity (mW cm~); AH is the heat of combustion 
(=2.962, 2.639, 5.915 and 7.259 eV, respectively, for hydrogen, 
formic acid, formaldehyde and methanol); Z is the number of 
electrons required in the reduction of one molecule of CO, to a 
molecule of product (=2, 2, 4 and 6 for production of hydrogen, 
formic acid, formaldehyde and methanol, respectively); Vg is the 
electrical bias (V). These results clearly indicate that in contrast to 
the reduction of CO2 on certain metal cathodes, the photoelec- 
trolysis on p-GaP does not stop after formic acid formation, but 
proceeds further, yielding formaldehyde and methanol. 

Subsequent to the above study, there were several studies 
aimed at reducing CO, into highly reduced products using differ- 
ent types of semiconducting materials in PEC cells [297]. As part of 
this, CO2 was also reduced to methanol over n- and p-GaAs, n-Si 
and p-InP semiconductors [219,298]. Reduction at n-GaAs was 
found to be selective with nearly 100% Faradaic efficiency. At pH 
4.2, a potential of — 1.2 V to — 1.4 V vs. SCE was required to drive 
the reduction with high Faradaic efficiency against the theoretical 
value of — 0.563 V vs. SCE at pH 4.2. The theoretical value could be 
calculated using heat of formation found in Selective Values of 
Chemical Thermodynamic Properties, United States National 
Bureau of Standards, Technical Note no. 290-2. However, these 
semiconductors are susceptible to corrosion [297,299]. The CO, 
was also reduced to HCOOH, HCHO, methanol and CH, over 
various other semiconducting materials that include WO3, TiO», 
ZnO, CdS, GaP, and SiC [300]. HCHO and methanol were found to 
be the major products over SiC semiconductor catalyst after 
illumination for 7 h. The methanol yield was found to be increased 
as the conduction band becomes more negative with respect to 
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the redox potential of H2CO3/methanol, whereas methanol was 
not produced at all in the presence of WO, catalyst that has a 
conduction band more positive than this redox potential. The CO 
was also found to be reduced electrocatalytically to HCOOH, 
HCHO, methanol and CH, at unilluminated TiO, electrode or at 
the illuminated p-GaP electrode when both semiconductor elec- 
trodes were polarized at a potential of —1.5 V vs. SCE for 2h, 
which indicates that electrons in the conduction bands of these 
semiconductors reduce CO2 in aqueous solution. It has been 
suggested that at semiconductor electrodes, the charge transfer 
rates between photogenerated carriers in semiconductors and the 
solution species depend on the correlation of energy levels 
between the semiconductor and the redox agents in the solution. 
If the redox potential of solution species is more positive with 
respect to the conduction band level, then these species undergo 
improved reduction. Fig. 14 illustrates the energy correlation at the 
semiconductor-solution junction [300]. The quantum yields for 
HCHO and methanol at TiO» catalyst were estimated to be ~5.0 x 
10-4 and ~1.9 x 10~4, respectively, and with SiC, 5.0 x 1074 and 
4.5 x 10~?, respectively. 

The CO also underwent reduction over a biological catalyst (a 
formate dehydrogenase enzyme) in a PEC cell over the surface of 
p-InP illuminated with a light source having wavelength range 
shorter than 900 nm (> 1.35 eV) [270]. This enzyme catalyst per- 
forms two electron reduction of CO2 to formic acid with the help of 
a mediator that couples the photogenerated electrons in the 
semiconductor with the enzyme catalyst. Although this process 
appears to be more analogous to natural photosynthesis, the former 
process is more efficient at light collection and more specific in the 
production of reduced carbon species. When CO2 was reduced over 
the surface of colloidal CdS particles in an aqueous solution of 
tetramethylammonium chloride that was illuminated with a visible 
light having the wavelength range of 320-580 nm up to 120 h, the 
formation of glyoxylic acid, HCOOH, HCHO and CHCOOH was noted 
[301]. Furthermore, when CO2 was reduced over p-InP, p-GaAs, and 
p-Si under a 40 atm. pressurized CO2+ methanol medium, the p-InP 
provided current densities up to 200 mA cm~? with current effi- 
ciencies over 90% for CO formation [302]. The H2 formation was 
found to be very meager in this latter process. When high current 
densities and CO pressures were employed, the CO reduction 
current was found to be primarily limited by the light intensity. 
Among the various reaction conditions varied, the CO2 pressure was 
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Fig. 14. A schematic illustration of the energy correlation between semiconductor 
catalysts and redox couples in water. CB and VB denote a conductive band and a 
valance band, respectively [300]. 


found to be very critical for obtaining higher product yields. When 
CO» reduction reaction was performed over p-GaP and p-GaAs 
semiconductors in a PEC autoclave fitted with a quartz window, a 
cation exchange diaphragm and a platinum counter-electrode 
under the illumination with a 150W Xe lamp, the formation of 
HCOOH, HCHO and methanol was noted with a Faradaic efficiency 
of 80% on the surface of p-GaP at a cathodic bias of — 1.00 V (vs. a 
standard silver electrode) in 0.5 M Na2CO0; solution under 8.5 atm. 
CO» pressure [303]. 


7.4.1. Effect of molecular catalysts on the efficiency of 
semiconducting materials 

The CO, could also be reduced into methane, ethylene, and ethane 
in aqueous solution of Ru(II) tris(bipyridine) [Ru(bpy)37* ] photosensi- 
tizer and triethanolamine [TEOA] electron donor under the illumina- 
tion by visible light over the surface of Ru or Os colloid catalysts [304]. 
The bipyridinium charge relays employed in this process were N,N 
‘-dimethyl-2,2’-bipyridinium [MQ?* ], N,N’-trimethylene-2,2’-bipyridi- 
nium [TQ?*], N,N’-tetramethylene-2,2’-bipyridinium [DQ?*], or N,N 
'-bis-(3-sulfonatopropyl)-3,3’-dimethyl-4,4’-bipyridinium [MPVS°]. In 
the absence of TEOA electron donor, Hz also formed along with CO 
reduction products, whereas in the presence of TEOA, no formation of 
Hə was noted. CO, was also underwent reduction to methane when 
aqueous electrolyte had Ru colloids together with Ru(bpz)3* [305]. 
In this latter process, an electron transition from Ru(bpz)3* to the 
colloid-associated CO, was noted. Furthermore, when aqueous elec- 
trolyte was mixed with acetonitrile, triethylamine, Ru(2,2'- 
bipyridine)32* and cobalt(II) chloride, the formation of syngas was 
noted under the irradiation by visible light alone [306]. The formation 
of syngas in this process was found to be strongly influenced by the 
composition of the solution. Addition of free bipyridine drastically 
reduced CO formation but increased the formation of H2. With 
different tertiary amines, NR3, both the quantity (CO+Hz2) and the 
ratio CO/H2 increased markedly along the sequence R= methyl, ethyl, 
propyl. Higher selectivity towards CO formation than HER occurred 
when triethanolamine was used in place of triethylamine. CoClz was 
found to be the most efficient electron mediator for both CO and H2 
formation, and has specifically promoted the formation of CO, whereas 
the salts of other cations investigated yielded only H2. These processes 
represent an abiotic photosynthetic system allowing simultaneous 
formation of CO and Hz with a regulated CO/H2 ratio. 

The CO, also underwent an electrochemical reduction selectively 
into methanol over the surface of a p-GaP with near 100% Faradaic 
efficiency at under-potentials greater than 300 mV below the 
standard potential of — 0.52 V vs. SCE in a system pH of 5.2 contain- 
ing pyridine as an organic molecular catalyst [264,307,308]. Fig. 15a 
shows the voltammetric response of an illuminated p-GaP electrode 
in the presence of 10 mM pyridine under argon or CO, at constant 
pH of 5.2 [264,307,308]. The I-V curves were recorded at illumi- 
nated p-GaP (Hg-Xe lamp 200 W) in 0.1 M acetate buffer containing 
10 mM pyridine at pH 5.2 (black line) dark, (blue line) under Ar; 
(red line) under CO2. The dashed line in this figure shows the 
standard potential for CO2 reduction into methanol at pH 5.2. The 
radiant energy was solely used at potentials more positive than the 
line while electrical energy drove the reaction at potentials more 
negative than the line. Furthermore, as can be seen from this figure, 
there is an enhancement in current under CO, which has been 
attributed to the catalytic interaction between CO% and pyridinium 
ions. For p-GaP electrode, the measurements of the open circuit 
photovolatge revealed the flat-band potential to be 0.22 + 0.01 V vs. 
SCE in the presence as well as in the absence of pyridine. Fig. 15b 
shows the photo-action spectrum for p-GaP at — 0.4 V vs. SCE. With 
an indirect band-gap of 2.24 eV, the expected utilization of light 
should include wavelengths shorter than 550 nm. A measurable 
photocurrent was observed at wavelengths lower than 530 nm, 
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Fig. 15. (a) I-V curves, (b) photoaction spectrum and (c) time response for potentiostatic reduction of CO2 at —0.4 V vs. SCE on illuminated p-GaP in 0.1 M acetate buffer 
containing 10 mM pyridine maintained at pH 5.2 [246,307,308]. (For interpretation of the references to color in this figure caption, the reader is referred to the web version 


of this paper.) 


which is consistent with the indirect band-gap of the p-GaP. The 
sharp rise in photocurrent observed at 440 nm is indicative of the 
onset of the lowest energy direct band-gap (2.8 eV). In the absence 
of pyridine no formation of methanol was noted (Fig. 15c). However, 
in the presence of pyridinium, methanol formation was noted at 
—0.4 V vs. SCE with Faradaic efficiencies ranging from 88 to 100%. 
Both HCHO and HCOOH were not formed in this reaction [309]. At 
greater than 100 mV below the standard potential, the reaction was 
driven by radiant light. The initial photocurrent was observed to 
stabilize within an hour and then stayed steadily during experi- 
ments for the duration of 6-30h. A 7h run reaction can be seen 
from Fig. 15c. In similar studies, when high pressure arc light source 
was employed, the p-GaP electrode at a more negative potential 
(—0.5V vs. SCE) led to a decreased Faradaic efficiency for the 
production of methanol with 22-25%. No change in the pyridine 
concentration was noted during entire time of the experiment. 
The detailed underlying mechanism in the above reaction was 
reported in a recent article [308]. At metal electrodes, HCOOH and 
HCHO were observed to be the intermediate products along the 
pathway to the Ge~ reduced product of methanol, while pyridinium 
radical playing a major role in the reduction of both intermediate 
products. Pyridine molecule was found to be capable of reducing 
many different chemical species en route to methanol through six 
sequential electron transfers instead of metal-based multi-electron 
transfer (Scheme 11) [308]. Nevertheless, the two major drawbacks 
of this process are (i) p-GaP is not stable against photocorrosion for 
long reaction periods, and (ii) this process still requires certain 
amount of external bias voltage to run the CO, reduction reaction. 


7.5. Oxide semiconductors as cathode materials 


The photoreduction of CO, involves two main free radicals H` and 
“COz, which are formed by taking electrons from photocathode (i.e., 


from semi-conductor), when the electrons of this semi-conductor are 
excited from the valence band to the conduction band by absorbing a 
photon having energy equal to or greater than that of the band-gap 
of the semiconductor. TiO being a very stable material against 
photocorrosion and possesses band edges amenable to water oxida- 
tion/electrolysis reaction, it has been considered as an ideal material 
to use in PEC reduction or photocatalytic reduction of CO2. Since the 
band-gap energy of TiO, is high (3.2 eV), which is equivalent to UV 
light, it cannot capture a larger portion of sunlight, hence, the 
efficiency of the system involving pure TiO, photoelectrode does 
not exceed 4% as the percentage of UV light in the entire solar 
spectrum is only about 4%. Several researchers have tried to improve 
the light absorbing capability of TiO2 by doping it with several metals 
and non-metals [27,97,309-312]. In 1992, Cu powder was dispersed 
into an aqueous suspension of TiO to enhance the photocatalytic 
activity of TiO; for reducing CO, into methanol [313]. The addition of 
Cu powder to TiO not only creates reactive sites for CO2 reduction 
with the excited electrons but also to reduce the recombination of 
photo-generated electron-hole pairs. When potassium bicarbonate 
(0.01 M KHCO3) was introduced to the CO, saturated aqueous 
electrolyte suspended with TiO2+Cu powder, almost the double 
yields of methanol were observed when compared with the 
bicarbonate-free solution [313]. Fig. 16 shows a model of the CO, 
photocatalytic reduction mechanism on Cu/TiO2 [313]. When the 
light irradiation creates an electron-hole pairs (e~ and h*) in TiO 
and the HO ~ radicals and O2 are formed by scavenging holes on TiO», 
then both CO, and H2O molecules are interacted with the trapped 
electrons on the Cu clusters to form methanol [313]. The active solid 
surface for photocatalytic reduction of CO2 on Cu-doped TiO was 
also investigated [314]. 

The involvement of similar four distinct catalytic steps on the 
surface of Cu-doped TiO, during photocatalytic reduction of CO, in 
aqueous medium to those steps normally involved on the surface of a 
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Scheme 11. Overall proposed mechanism for the pyridinium-catalyzed reduction of CO to the various products of formic acid (HCOOH), formaldehyde (HCHO) and 


methanol (CH30H) [308]. 
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Fig. 16. Mechanism of CO2 photocatalytic reduction on Cu/TiO2 [314,315]. 


heterogeneous solid catalyst during catalytic reaction was observed 
[314]. Those distinct catalytic steps include (i) photoelectron-hole 
pair generation, charge separation and trapping, (ii) oxidation and 
reduction reactions of the adsorbates, (iii) rearrangement and other 
surface reactions of formed intermediates, and (iv) the desorption of 
the products from the photocatalyst surface and the regeneration of 
the surface. The TiO2 and TiO2 supported Cu catalysts formed in a 
sol-gel route were also investigated for photocatalytic reduction of 
CO2 [315]. A maximum yield of methanol at 0.45 m-mole/g catalyst/h 
over 1.2 wt% Cu/TiOz catalyst was noted by irradiating the CO, 
containing reaction mixture with a light having an intensity of about 
16 W/cm? [316]. The XPS spectra of different amounts of Cu loaded 
TiO powders revealed that Cu on TiO, exists in multiple oxidation 
states; however, Cu (I) were found to be the primary species (Fig. 17) 
[316]. The Cu20 was found to serve as an electron trap to reduce the 
recombination rate of electron-hole pairs during excitation of the 
photocatalyst. The 2.0 wt% Cu/TiO achieved highest dispersion 
among different amounts of Cu loaded TiO, catalysts. The methanol 
yield noted for this latter photocatalyst was about 118 mol/g 
catalyst after 6h of reaction under the irradiation by a UV light 
having the wavelength of 254 nm (Fig. 18) [316]. Nevertheless, these 
noted quantum efficiencies for CO, reduction even under UV light 
irradiation were very low [315,316]. The oxidized Cu species, 
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Fig. 18. Time dependence on the methanol yields of various catalysts [317]. 
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Fig. 19. Single unit photoelectrocatalysis system [322,323]. 


particularly the Cu/Cu(I) interfaces, were found to be the main active 
catalytic sites for electrochemical reduction of CO, into methanol 
[317,318]. Several other studies also confirmed that the Cu oxides, Cu 
cations, and the oxide interfaces are active catalytic sites for 
methanol formation in these photocatalytic reactions | 162,319,320]. 
The ZnO stabilizes the oxidized Cu in hydrogenation reactions [316]. 
Furthermore, the electron-hole recombination was found to be the 
main reason for the noted lower photocatalytic efficiencies in this 
process. Product efficiency and selectivity was also found to be a 
strong function of catalyst composition involved. Even though Cu 
based TiO, has been identified to be a best composition for methanol 
formation in these photocatalytic reactions, in order to upgrade to an 
industrial scale process, the methanol yields need to be improved 
very significantly. Furthermore, to improve the efficiency of photo- 
catalytic reaction under low intensity light, the specific surface area 
of the photocatalyst needs to be improved very significantly [316]. 
Since TiO not only possesses required photocorrosion stability, 
band-gap energy, and band edges amenable to aqueous-PEC reduc- 
tion of CO; into value added chemicals, but also a high photocatalytic 
activity for organic compounds’ decomposition in an aqueous media, 
the photocatalytic COz reduction reactions should not be conducted 
in a single-compartment photochemical cell using TiO% based 
photocatalysts, as the formed organic chemicals in these reactions 
will be decomposed back to again CO, and water on the surface of 
TiO» catalysts [27,97,309-312]. 

Not only powder catalysts, but also the thin films of Cu-doped 
TiO2, and Cu containing zinc oxide surface coated Pt electrodes 
were employed for photocatalytic CO, reduction reaction in an 
aqueous based electrolyte [321,322]. Fig. 19 shows the schematic 
of a single unit photoelectrocatalysis system that was employed to 
reduce CO, [321,322]. This reactor consists of a perforated thin 
film of TiOz and an electrocatalyst, which were separated by a 
proton exchange membrane (Nafion, a DuPont brand). Since the 
photocatalyst and the electrocatalyst do not directly come into 
contact in this reactor, the recombination of titania-produced Ht 
ions with dioxygen on the surface of electrocatalyst is totally 
avoided. Furthermore, as H~ ions are effectively separated, they 
can be supplied to the electrocatalyst with minimum travel 
distance for efficient production of H2 and/or for efficient hydro- 
genation of CO». It was also observed that the standard supported 
metal catalysts (Pt metal particles dispersed on TiO) were found 
to be much less efficient than this thin film catalyst [321,322]. 
Furthermore, in these experiments, a bias potential between 
photocatalyst and electrocatalyst was also applied to enhance 
the mobility of electrons generated in the photocatalyst. When a 
constant bias potential was applied between these two different 
catalyst systems, about 10.5% energy efficiency is noted. This 
energy efficiency is estimated by dividing the total heat energy 
attained by combustible products formed (as fuels) with the total 
photoelectrical energy supplied. The current efficiencies for 
methane, ethylene and H2 were estimated to be about 17%, 11% 
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Fig. 20. Non-deactivating pulse bias operation for stable conversion of carbon 
dioxide to methane: (a) pulse bias and (b) constant bias [324]. 


and 42%, respectively indicating that the conversion of CO, was 
about 58% by hydrogenation. Other products detected in the 
solution were mainly HCOOH and ethanol. However, in this 
process, the deactivation of hydrogenation catalyst was found to 
be a major issue, which could be minimized by improving the 
selectivity of gaseous products like methane and ethane so that 
they escape easily from the solution and avoid the deactivation of 
the catalyst. This problem can also be solved by applying a bias 
potential in a pulsed mode. The pulse technique has been used in a 
regular electrochemical reduction of CO, with a pair of Cu 
electrodes, which normally prevent the deactivation of hydrocar- 
bon formation catalyst [323]. Furthermore, when the pulsed mode 
technique was employed to supply bias potential, the noted results 
were remarkable and increased the activity for methane and 
ethylene formation. Fig. 20 shows an example case for CO, 
methanation by this technique on a photocatalyst of TiO2/Ti, and 
electrocatalyst of ZnO/Cu. A similar feature was also noted even for 
ethylene formation in a 25h run [323]. 

A prototype reactor (Fig. 21) was also employed to reduce CO2 
into CO and oxygen by direct solar irradiation [324]. In this first 
prototype PEC system, a solar focusing mirror and secondary 
concentrator were used to provide high solar intensity around a 
ceramic rod. This high-temperature and high solar irradiance 
environment heats up CO2 so that it dissociates into CO and 
oxygen. Quenching of the back reaction was accomplished by the 
geometry and gas dynamics of the system. The best measured net 
conversion of CO, to CO was near 6%, whereas a plant design 
target is 12%. The peak observed conversion of solar energy to 
chemical energy was 5%. As per predictions, a mature system will 
yield 20% solar-to-chemical energy conversion with an additional 
25% electrical energy generation. Fig. 22 shows the overall process 
energy balance goals [324]. It is reported that all these values are 
achievable simultaneously with the modest improvements in the 
mirror system and by changing the design in the exhaust channel/ 
quenching system. The values in this figure are based on a 
hypothetical design with an optical power input of 100 kW. Of 
the 92 kW reaching the converter, 22 kW will be captured as 
chemical energy in the CO. The rate of energy capture of the final 
fuel product will depend somewhat upon the synthesis process 
chosen, but will be in the range of 18-20 kW. Most of the 70 kW of 
waste heat will be passed away at very high temperatures, 
enabling the harnessing of only 25 kW as electrical power when 
a standard steam turbine is employed. Converter system can 
be redesigned so that some of the waste heat can be recycled to 
preheat the CO, feed. 
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Fig. 22. A schematic diagram showing energy conversion goals for a direct solar 
reduction system based on 100 kW initial solar input [325]. 
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Fig. 23. The schematic of light transmission and spread of TiO, coated-optical fiber 
[326]. 


A steady-state optical-fiber photo reactor (OFPR) was also 
employed to reduce CO, into methanol over cu-doped TiO, 
[325]. Fig. 23 shows the employed OFPR comprising TiO2-coated 
fibers to transmit light from one end of the OFPR module to the 
fiber-supported TiO. film. Nearly 120 fibers with 16 cm long were 
inserted into this OFPR, which has a diameter of 3.2 cm and length 
of 16 cm. The both sides of this OFPR were sealed using leak-proof 
O-rings. TiO2 film was coated on optical fibers using dip-coating 
method, and the TiO, and Cu-loaded solutions were prepared by a 
thermal hydrolysis method. The thickness of the formed Cu/TiO2 
film was estimated to be 53nm, and consisted of very fine 
spherical particle with a diameter of about 14 nm. The TiO2 was 
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Fig. 24. Photo of optical-fiber photo reactor [326]. 


in an anatase phase in both pure and Cu-doped TiO; fibers. This 
TiO exhibited a wavelength absorption edge of 367 nm (equiva- 
lent to nearly 3.3 eV). The Cu was in the form of CuO clusters and 
played an important role in the methanol formation. Fig. 24 shows 
transmission of light in an optical fiber reactor [326]. The light 
spits into two beams when hitting the internal surface fiber due to 
the difference of refraction index between TiO2 coating and quartz 
core. Part of light is reflected and transmitted along the fiber, while 
the rest penetrates and excites the TiO, layer at the interface. Thus 
the electron-hole pairs are generated, which conduct the photo- 
reactions. Thus, the optical fibers can be used to radiate the light 
uniformly inside a photoreactor. Fig. 25 schematically illustrates 
the reactor system employed in this study [326]. The OFPR was 
illuminated from one side of quartz window by an Hg lamp with a 
peak light intensity at 365nm. The light intensity could be 
adjusted from 1 to 16 W/cm”. The whole OFPR was wrapped up 
using an aluminum foil during the reaction to avoid the inter- 
ference of indoor lamps. Fig. 26 shows the methanol yields vs. light 
intensity under the partial pressures of CO2 and H20 at 1.29 and 
0.026 bar, respectively [326]. The methanol yield was found to be 
increased with the light intensity. Pure TiO2 produced a very little 
methanol yield, whereas the Cu/TiOz produced significantly high 
yield. The methanol yields were increased with UV irradiative 
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Fig. 26. The methanol yield in optical-fiber photo reactor, reaction temperature 
75 °C, COz pressure 1.29 bar, and H20 pressure 0.026 bar [326]. 


intensity as well as with Cu loadings. Maximum methanol rate was 
noted to be 0.45 umole per gram catalyst per hour over 1.2 wt 
%-Cu/TiO> catalyst under irradiation of a 16 W/cm? light when the 
CO» pressure was maintained as 1.3 bar after 5000s mean resi- 
dence time of reaction. Furthermore, when the Cu loading 
was > 1.2 wt%, lower methanol yields were noted because the 
surface of TiO2 was found to be masked by Cu20 clusters [326]. 

The silver-modified TiOz (Ag/TiO2) nanocomposite catalyst and 
methanol as a hole scavenger were also employed together for 
simultaneous formation of Hz, CO and CH, in a photocatalytic CO2 
reduction reaction in an aqueous medium [327]. The mesoporous 
Ag/TiOz composite particles were prepared in a simple ultrasonic 
spray pyrolysis (SP) route using a commercial Degussa P-25 TiO2 
powder and AgNO; as the starting materials. The material proper- 
ties and photocatalytic activities of the formed composites in SP 
method were compared with those formed in a conventional wet- 
impregnation (WI) method. The composites formed in SP route 
had a larger specific surface area and a better dispersion of Ag 
nanoparticles on TiO surface when compared with those of WI 
TiOz. As a result, the SP samples provided much higher photo- 
catalytic activities toward H2 formation as well as to COz reduction 
products. The Hz formation rate of the 2 wt% Ag/TiO2-SP sample 
was six-times higher when compared with the 2 wt% Ag/Ti02-WI 
sample, and 60-times higher when compared with the bare TiO. 
The molar ratio of Hz and CO in the final products was found to be 
in the ratio of 2-10. Fig. 27 shows a useful reduction potential for 
methanol formation in comparison to syngas (Hz and CO) forma- 
tion on a NHE scale [327]. 
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Fig. 27. Mechanism of photocatalytic hydrogen production and CO, reduction with 
water on TiO semiconductor and their reduction potentials at pH 7 vs. NHE [327]. 


The photochemical CO, reduction reaction was also performed 
over a supramolecular electrode packed with Co(II)tetrabenzopor- 
phyrin [328]. The supramolecular electrode was prepared by 
stacking Co(II)tetrabenzoporphyrin. The stack was held together 
by m-z interactions and the first layer of the porphyrin complex 
was anchored to the glassy carbon surface through the porphyrin's 
4-aminopyridine group. A pure electrode formed by Co(II)tetra- 
benzoporphyrin adsorbed on the glassy carbon surface exhibited 
no activity towards CO, reduction. In contrast to this, the supra- 
molecular electrode exhibited a much improved photoelectroca- 
talytic activity for the same reaction. The photoelectrocatalytic 
activity was also found to be enhanced by the illumination of the 
supramolecular electrode. In the absence of any sensitizer, the 
illumination of the electrode with visible light induced an appreci- 
able shift of the CO reduction wave towards more positive 
potentials. The shift of the wave was also observed in experiments 
with the sensitizer, [Ru(bpy)3]**, but in this case, the light with a 
shorter wavelength was needed [328]. The Ru and WO; modified 
TiO- catalysts supported on Al203 were also employed to reduce 
CO; in an aqueous electrolyte circulated in a photocatalytic reactor 
at room temperature and constant pressure [329]. About 97% of 
CO» was converted into methanol (14 vol%) and into small amount 
of formic acid, acetic acid and ester. The reactor system employed 
had a set of bottles having water in which CO2 was continuously 
bubbled. The CO, dissolved in H20 was directed into the reactor 
having catalyst. A membrane system was used to separate the 
formed methanol product on the surface of the catalyst. This 
designed bath system allows to transform 370 dm? of CO, per hour 
into methanol with a yield of about 97% (when the length of the 
one reactor is 0.5m, ®=4cm). Fig. 28 shows an ideological 
scheme for methanol production employed in this study [329]. 

Single-crystalline ZnzGeO, nanobelts with hundreds of micro- 
meters in length, as small as 7 nm in thicknesses and aspect ratios 
of up to 10,000 formed in a solvothermal route from a binary 
ethylenediamine/H20 solvent were also employed to reduce CO, 
photocatalytically into CH, in the presence of H20 vapor [330]. 
Fig. 29 shows CH, formation over (a) sample formed in a sold-state 
reaction, (b) nanoribbons, (c) 1 wt% Pt-loaded nanoribbons, 
(d) 1 wt% RuOz-loaded nanoribbons, and (e) 1 wt% RuO2+1 wt% 
Pt-co-loaded nanoribbons as a function of light irradiation time 
[330]. It can be seen from this figure that the 1 wt% RuO2+1 wt% 
Pt-co-loaded nanoribbons exhibited highest activity towards 
photoreduction of CO2 into methane. The CO2 was also reduced 
to methane, ethylene, and CO in CO3-saturated aqueous electrolyte 
over the surface of illuminated p-Si semi-conductor electrode 
surface modified with small metal particles of Cu, Ag, or Au 
[331]. These modified p-Si semi-conductor electrodes produced 
products similar to the metal (Cu, Ag, or Au) electrodes, but at ca. 
0.5 V (vs. NHE) more positive potentials than their corresponding 
metal electrodes, contrary to continuous-metal-coated p-Si 
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Fig. 29. CH4 generation over (a) the SSR sample, (b) nanoribbons, (c) 1 wt% Pt-loaded nanoribbons, (d) 1 wt% RuO2-loaded nanoribbons, and (e) 1 wt% RuO2+1 wt% Pt-co- 


loaded nanoribbons as a function of light irradiation time [330]. 


electrodes. These results clearly suggest that the metal-particle- 
coated p-Si electrodes not only possess high catalytic activity for 
electrode reactions but also generate high photovoltages and thus 
work as ideal semiconductor electrodes [331]. The formation of 
the dimeric and tetrameric products namely oxalate, glyoxylate, 
glycolate and tartrate was also noted in the CO, reduction reaction 
when performed in an aqueous solution of tetramethylammonium 
chloride suspended with CdS or ZnS colloids [332]. The perfor- 
mance of other semiconducting powders including ZnO, SiC, 
BaTiO3 and SrTiO; was also compared with those exhibited by 
CdS and ZnS colloids. The formation of HCOOH and HCHO was 
noted in the absence of tetramethylammonium ions. The relative 
quantum efficiencies of these six semiconductors were found to be 
influenced by their band-gap energies and conduction band 
potentials. The role and effectiveness of several hole acceptor 
(electron donor) compounds in this process were also studied and 
found that the addition of one electron to a CO molecule produces 
a CO2°~ radical anion. This radical anion is subsequently proto- 
nated to form formate ion that undergoes disproportionation to 
form CO and carbonate or it dimerizes to form oxalate ion 
(Scheme 12) [333,334]. Scheme 13 shows the range of products, 
which can be formed on further reduction of oxalate ion [332]. 
Electrochemical reduction of CO, under these conditions also led 
to the formation of oxalate [335], glyoxylate [336,337], glycolate 
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Scheme 12. One electron addition to CO, [333,334]. 


[338,339], tartrate [337] and malate [340]. Table 9 presents the 
quantum yields recorded for CO, reduction reaction over different 
semiconducting materials [332]. In these experiments no tetraalk- 
ylammonium salts or electron donor compounds were added. 
From this table it can be concluded that the semiconductors, 
particularly CdS, SiC and ZnS, with the higher negative conduction 
band potentials provide the best yields [341]. While the effective- 
ness of different semiconductors in reducing CO; is roughly in line 
with the order of increasing conduction band potentials, the 
variations, which are fairly small, may also be related to differ- 
ences in particle size, which in quantum crystallites results in an 
increase in band-gap and reduction in the rate of recombination of 
electron-hole pairs. The overall quantum yields exhibited by these 
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Scheme 13. Overall electrochemical reduction of CO, [332]. 


Table 9 
Comparison of different semiconductors’ properties and their quantum efficiencies 
for CO2 reduction into methanol [332].* 


Semiconductor Exc (eV) Vcp (V) vs. SHE ge (10~°) 
SrTiO3 32 —0.8 0.74 
BaTiO3 3.2 —0.4 21 

Cds 2.5 —0.9 3.8 

ZnO 3.2 —0.5 4.3 

SiC 3.0 —1.4 6.7 

ZnS 3.85 —2.0 [5400]° 


Suspensions of 0.3 g of each semiconductor in water (100 cm?) at pH 4 saturated 
with CO; irradiated with 2.5 x 107? Einsteins h~! for 24h (250 < 4 < 580 nm). No 
TMACI or electron donors added. pe was measured from yields of formic acid and 
formaldehyde. 


* From work with ZnS. 


six semiconductors followed this trend: ZnS > SiC > ZnO > CdS > - 
BaTiO; > SrTiO}. Based on the studies on various hole scavenges 
such as I~, TSCoPC, Fe(CN)¢?~, hydroquinone, sulfite, propan-2-ol, 
hypophosphite, it was concluded that the log of the quantum yield 
for most of them is in a linear relationship with their redox 
potentials [341]. 

In a solar photocatalytic reactor, the mixture of CO and water 
vapor was converted into hydrocarbon fuels over the surface of 
nitrogen-doped titania nanotube arrays loaded with nanodimensional 
islands of Pt and/or Cu co-catalysts [342]. All experiments were 
performed in outdoor sunlight at University Park, PA. Intermediate 
reaction products, H2 and CO, were also formed with relatively lower 
concentrations. The hydrocarbon formation rate of 111 ppm cm~? h~! 
or ~ 160 uL/(g h) was noted when the nanotube array samples were 
loaded with both Cu and Pt nanoparticles and irradiated with outdoor 
global AM 1.5 sunlight having a power density of about 100 mW/cm?. 
This rate of CO- to hydrocarbon formation under outdoor sunlight is at 
least 20 times higher than those reported so far in the literature for 
similar experiments conducted in the laboratory using UV lamp [342]. 
Both these Pt and Cu co-catalysts were found to be essential for high 
rate conversion of CO2 into hydrocarbon fuels. 

From the above presented photocatalytic results, it can be 
concluded that although encouraging progress has been made 
toward the photocatalytic conversion of CO z using sunlight, 
further efforts are required for increasing sunlight-to-fuel photo- 
conversion efficiencies [343]. 


8. Materials and catalysts for H20 oxidation and splitting 
reactions 


As already mentioned in the previous sections and in the 
Introduction part, the main objective of this review is to find out 
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the information and methods available in the literature for con- 
verting CO» into methanol using exclusively solar energy without 
the need of any external bias voltage or energy that is produced 
from fossil fuels. It is nothing but realization of an artificial 
photosynthesis process. Methanol formed in exclusively artificial 
photosynthesis process can be employed economically with sus- 
tainability in place of fossil fuels that are being used at present to 
meet the energy requirements of the society. Although none of the 
so far reported processes could convert CO2 into methanol using 
exclusively solar energy, in certain studies, CO was converted into 
methanol under mild reaction conditions using certain molecular 
catalysts and energy (mainly electricity) that is produced from 
fossil fuels. For these processes, if the electricity is produced from 
sunlight using any of the existing methods such as photovoltaics, 
and utilized in these processes, the artificial photosynthesis 
process with considerable efficiency could be realized. 

As discussed in the previous sections, the reduction of CO, into 
methanol in electrochemical cells is almost similar to the natural 
photosynthesis (Fig. 30) [344]. As can be seen from Fig. 30, the 
light reactions of photosynthesis (light absorption, charge separa- 
tion, water splitting and electron/proton transfer) provide the 
reducing equivalents or ‘hydrogen’ electrons (e) and protons 
(HC) to convert CO2 to sugars and other organic molecules that 
make up living organisms (biomass), including those that provide 
humankind with food. The same photosynthetic reactions gave 
rise to the fossil fuels formed millions of years ago. The burning of 
these organic molecules by either respiration (controlled oxidation 
within our bodies) or combustion of fossil fuels is the reverse to 
photosynthesis, releasing CO and combining the ‘hydrogen’ back 
with oxygen to form water. In doing so, energy is released, which 
was originated from sunlight. 

In electrochemical CO, reduction process, the protons and elec- 
trons are generated from water (H20+ energy 2H* +2e7 + % Oot) 
in an anode compartment by utilizing electricity, and then the 
reduction of CO2 with those generated protons and electrons into 
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Table 10 
A list of review articles published on water oxidation/water splitting reactions carried out using various energy sources. 

First author Article title Published year Reference 

AJ. Nozik p-n Photoelectrolysis cells 1976 292 

T. Bak Photo-electrochemical hydrogen generation from water using solar energy: materials-related aspects 2002 345 

A. Steinfeld Solar thermochemical production of hydrogen - a review 2005 349 

A. Galińska Photocatalytic water splitting over Pt—TiO2 in the presence of sacrificial reagents 2005 352 

AJ. Esswein Hydrogen production by molecular 2007 294 

T. Kodama Thermochemical cycles for high-temperature solar hydrogen production 2007 61,350] 

J. Barber Biological solar energy 2007 344 

S. Somasundaram Photocatalytic production of hydrogen from electrodeposited film and sacrificial electron donors 2007 351 

K. Rajeshwar Hydrogen generation at irradiated oxide semiconductor-solution interfaces 2007 347 

J. Nowotny Titanium dioxide for solar-hydrogen I. Functional properties 2007 348 

N.A. Kelly Solar energy concentrating reactors for hydrogen production by photoelectrochemical water splitting 2008 353 

JJ. Concepcion Making oxygen with ruthenium complexes 2009 356 

M.G. Walter Solar water splitting cells 2010 354 

X. Chen Semiconductor-based photocatalytic hydrogen generation 2010 346 

H. Lv Polyoxometalate water oxidation catalysts and the production of green fuel 2012 355 


methanol (CO2+ 6H* + 6e~ —>CH30H+ H20) takes place in cathode 
compartment over the surface of a catalyst. These reactions are similar 
to those light and dark reactions of natural photosynthesis. In natural 
photosynthesis, CO is reduced to carbohydrates, whereas in this 
artificial photosynthesis, it is reduced to methanol. When compared 
the both water oxidation reaction in anode compartment of electro- 
chemical cell or light reaction of the natural photosynthesis, and the 
CO, reduction reaction in cathode compartment of electrochemical 
cell or dark reaction of the natural photosynthesis, only former 
reaction needs thermodynamic energy input as it is an endothermic 
reaction, whereas the latter reaction does not need much of energy 
inputs but a suitable catalytic system as it is not an endothermic 
reaction. Hence, in order to realize artificial photosynthesis, it is very 
important to split water into the protons and electrons using solar 
energy in order to reduce CO2 into methanol. In the literature, catalysts 
and materials that were found to be effective for splitting water into 
protons and electrons or into Hz and Oz as well as for harvesting 
sunlight in the form of electricity are very well presented and 
discussed. Various review articles reported so far on water oxidation 
and water splitting reactions utilizing various catalytic systems and 
sunlight harvesting systems are listed in Table 10 [61,292,294,344- 
356]. The catalysts employed in these reported processes for water 
oxidation reactions consume energy supplied by chemical potentials, 
sunlight or electricity. 


9. Concluding remarks and future perspectives 


Development of an efficient process for converting CO, into 
methanol or to any other value added chemical using exclusively 
solar energy (i.e., the realization of artificial photosynthesis) is of 
great importance as this process can indeed deal with (i) the CO2 
associated global warming problem, (ii) depletion of fossil fuels, 
and (iii) the problems associated with storing of energy (elec- 
tricity as well as solar energy) in the form of high energy density 
liquid fuels for future applications. At present, the CO, seques- 
tration process is being employed to tackle with CO2 associated 
global warming problem in many places, which has been found 
to be expensive. With the same expenditure, instead of disposing 
off CO following sequestration route, the captured CO, at 
thermal power plants, can be converted into methanol and other 
useful chemical fuels following any of the existing thermoche- 
mical routes being practiced at present in the petrochemical 
industry as discussed in this review article. Furthermore, the 
value of the chemical fuels formed from CO, could be a bonus. If 
any of the renewable energy resources such as solar energy or 


electricity derived from sunlight is employed to meet the energy 
requirements of these CO, reduction reactions, this process can, 
in fact, considerably solve the problems mentioned above. Since 
the liquid fuels such as methanol formed from CO, could be 
directly employed in place of fossil fuels in the present energy 
distribution infrastructure such as internal combustion engines 
of automobile vehicles without major modifications to the 
engines, there would not be any severe economical consequences 
while transforming from fossil fuel energy dependency to non- 
fossil fuel or renewable energy dependency. 

As discussed above in this review article, although by following 
photoelectrochemical (PEC) routes, the CO could be converted 
into methanol using certain non-oxide semiconducting photoelec- 
trodes (p-GaP) together with homogeneous organic molecular 
catalysts (pyridine), the recorded quantum efficiencies and the 
stability and durability of these routes have been rather low and 
insufficient for practicing on a commercial scale. This is due to the 
fact that these routes still need certain amount of external bias 
voltage from grid current, and the associated semiconductors 
show poor long term stability against photocorrosion being non- 
oxide materials. 

Among the stoichiometric, thermochemical, electrochemical, 
photoelectrochemical and photocatalytic routes developed so far 
for reducing CO, into value added chemicals, only the electroche- 
mical routes appear to be viable as these latter routes allow mild 
reaction conditions, most studied and understood systems only next 
to the thermochemical processes, and can be integrated with 
electricity that is derived from sunlight using any of the existing 
technologies such as photovoltaics. Furthermore, CO can be 
reduced to methanol electrochemically using information that is 
available at present in the literature. However, the reaction efficien- 
cies and product yields obtained in these electrochemical routes are 
also low at the moment. Nevertheless, these reaction efficiencies 
and product yields could be improved suitably (i) by suppressing 
the hydrogen evolution reaction (HER), which is the main reason for 
the noted low efficiency of the process, by using certain electrodes 
having high overpotentials towards HER, (ii) by reducing over- 
potentials associated with CO, reduction reaction into methanol 
using suitable molecular catalysts, such as room temperature ionic 
liquids (RTILs), pyridine, and a mixture of nitroso-R salt+ Co or Cu 
sulfate+ methanol, which can be employed in conjunction with 
electrodes, and (iii) by employing electricity that is produced from 
sunlight using cheaper technologies such as polymer based photo- 
voltaics. Furthermore, the HER could also be suppressed by using 
certain organic molecular catalysts, such as triethanolamine, in the 
anode compartment of the electrochemical reaction. 
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Since CO, has been successfully reduced to CO in electroche- 
mical cells using certain RTILs at only few hundred millivolts 
overpotentials (hence at very low process cost) when compared 
with the theoretically required ones with desired stability using 
highly durable, robust and inexpensive metal electrodes, this 
process can be made available for commercialization by integrat- 
ing electricity that is derived from sunlight. Furthermore, as Hz can 
also be produced by water electrolysis using electricity that is 
produced from sunlight, by supplying these two CO and H2 gases 
produced using electricity derived from sunlight, in the ratio of 
syngas, methanol can be produced following well-established 
thermochemical routes, which are being practiced today in the 
petrochemical industry, and thus obtained methanol can be 
converted into gasoline (i.e., petrol) again by following thermo- 
chemical routes. Thus, electrochemical CO, reduction processes 
discussed and presented in this review have a lot importance from 
the point of view of solving the above said three problems 
associated with climate, energy crisis and energy storage. 
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